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FOREWORD

This is the fourth quarterly report preparcd by

on Air Force Contract AF 33 (615) 2603 under Task
No. 817304-28:. Batteries, of Project No. 8173,
Static Energy Conversion. This work was spomscred
by .the Air Force Aero-Propulsion.laboratary of the
Research and Technology Division and the kallist e
Systems Division of the U. §. Air.Force. It was
administered under technical guidance of tie Air
Force Aero-Propulsion Laboratory, Wright-Patterson
Air Force Base, Ohio.

This repart .is being published and distributed. pri-
or .tQ Air Force review. The publicaftion of this
report, therefore, does not constitute. appraval by
the Air Force of the findings. or. canclusions can-
tained herein. It is published for the exchange
and stimulation of ideas.
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"All battery" desigr. approaches using duplex electrodes (pile
construction) are described and design parameters compiled.

The experimental work performed to verify the various cell and
battery designs has been cutlined. Data and test results are
analyzed.

Design guidelines for a 1500 VOH, 750 watt-hour battery module
are summarized.

Extensive data on battery size and weight versus bettery volt-
age have been compiled for batteries having cutputs.of 2 KW to
20 KW.

Formulae expressing the weight and volume of batteries as a
function _f nominal battery terminal voltage, watt-hour rating
and percent regulation are presented for batteries utilizing
conventional (individual) cells.

72 sludy phase of the DC-DC converter development progrem is
n progress.

A report which documents the effort expended by The Ordnance
Division of Honeywell. Inc. during the preceding quarter is in-
¢t ded in the Appepdix of this report.
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- i INTRODUCTION

This document represents the fourth quarterly report as de-
fined in contract # AF- 33(615)2663 Exhibit "B", Item III,
dated 8 June, 1965.

It is the purpose of this contract to conduct a program of
study, design and development leading to the fabricatien of
a high rate silver-zinc missile power supply capable of'mget-
ing the requlrements listed in the Statement of Work, Part.I,
Schedule, page A.

Three possible approaches are to be considered in the design
of the power supply unit:

(a) The power supply package consists of a silver-zinc
battery (or batteries) only.

: (b) The power supply package consists of a silver-zinc
battery (or batteries) in combination with a static
power converter with the converter supplying all the
loads.

(¢) The power supply package consists of a silver-zinc
; battery (or batteries) in combihation with a device
] carrying partial loads.

The prcgram itself has been divided into two phases:

Phase I : Trade-off and Investigation.- This phase con-
stitutes a tlorough study to determine the op-
timum design approach to the Missile Power Sup-

ply.

Phase II: Development, fabrication and testing of Power
Supp.; units designed in accordance with ‘the re-
sults of investigations conducted in the study
program.

This reporti presents the work performed during the period April
1 1966 - June 30 1966, and covers the progress on Phase I of the
program.
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1.0

1.1

l.l.l

1l.1.2

l.1.2.1

l1.1.2.1.1

DISCUSSION
Trade-Off and Optimization Investigation.
The use of batteries to supply the load directly.

The "all battery" duplex electrode approach to the design of the power
suyply.

OQur studies have shown that the conventional cell approach to the "all
battery" version of the power supply, while feasible, would result in
a _power supply having an optimum overall weight of 30.5 lbs. and a vol-
une of 1188 cubic inches.

Utilizing the duplex electrode construction in a "square cell" geome-
try, we obtained a total battery weight of 13.7 lbs. in a valume of
296 cubic inches. Further work established that .a valume reduction of
about thirty (30) cubic. inches could be realized through the optimiza-
tion of the square cell duplex electrode battery.

The "sqpare cell" duplex electrode battery.

Having estahlished a battery design layout which could meet the require-
ments of the contract Statement of Work, the program plan called for
substantiation of the design by assembling, testing and erqaluating bat-
tery modules which are essentially scaled-down madels of the complete
battery.

Experimental:

Previoug progress reports have dealt with the evaluation of duplex
electrode modules of 4 cells, 10 cells, 17 cells, and 40O cells. The
main effort during the past quarter was devoted to (a) the construc-
tion and test of one hundred cell (180 velts) modules (b) the design
and breadboard of a high voltage battery module in order to substan-
tiate the design concept of the proposed square cell duplex electrode
battery (c¢) an additional task was to establish techniques to manufac-
ture large quantities of thin (0.0015 - 0.0025 in.) electrodes.

Battery Tests on 100 C&ll Modules.

Battery PBO19 consisted of 100 duplex electrode cells in series. Gas-
ket thickness was 0.020" and the electrolyte inlet feed channel meas-
ured 1/16" w x 0.020" t x 1/4" 1 (cross sectional area 0.0125 sq. in.).
The electrnde pairs were cemented to the gasket plates using 3M struc-
turel adhesive #EC 2216B. The assemblies were then stacked ~nd the
entire compressed by means of ti~ »ods. The battery measured 2-5/8"

x 2-5/8" x 2-3/8" not including the activatien mechanism.

The battery was activated using 100 cc of electrolyte (384 potassium
hydroxide), under no load conditions. Note that all one hundred cells
were activated as a group and therefore were connected hydraulically




in series through the electrolyte in the feed manifold.

Five seconds after activation a voltage of 155 volts was attained,
(this is about 10 volts lower than the normal open circuit voltage ex-
pected from a hundred cell battery) no gassing was observed in the
electrolyte manifold.channel, however, the battery voltage began to
drop (reaching 140 volts at t = 15 seconds, . 127 volts at v = 30 sec-
onds, 125 volts at t.= 45 seconds, 113 volts at t = 60 seconds, 70
volts at t = 75.seconds) indicating a rather strong intercell leak-
age current in the battery.

The test was interrupted two minutes after battery activation. Bat-
tery 020 .consisted.also .of one hundred. cells in series. The battery
construction was identical to that of PBO19 except that the electrode
gaskets were bonded with epoxy resin and the battery pack encapsulated
in potting. : '

The battery was activated using 90 cc of electrolyte (38% potassium
hydroxide), under no load conditions.

Activation was normal and the open circuit voltage rose to 163 volts
in five seconds. After thirty .seconds, the electrolyte in the feed
manifold began to gas and the battery voltage dropped from 163 to
158 volts. The unit was discharged at this point.(discharge current:
2.5 amps, correspornding to a current density of 0.8 amp. per sq. in.)
and gave the following.data: .

Time (Seconds) Voltage (Volts)
511 113
5" 93
20" 90.1
30" 70.5
35" 46.5

It appears that (a) the individual duplex gaskets must be buaded to
reduce intercell leakage paths around the cell edges (b) the size of
the manifold must be reduced (c) leakage current must be controlled by
dividing the series connected cells into relatively small groups (mod-
ules) and activating each module through a separate channel.

The previocus tests have thus established that the leakage current in
the one hundred cell modules tested was due largely to the mature of
the manifold construction and the gasket seal used. A likely metbod
of coping with this problem would be to use grooves or channels to
distribute the electrolyte to individual module groups. The nmumber
of cells in a single group should be small enough to limit intercell
leakage in the group and has to be determined empirically. The proper
size manifold channel, .in effect, limits the inter-group current flow.
As a start, the number of cells per group was set at twenty.
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The purpose of the next series of tests was essentially to verify the
design of an improved battery manifold design and methods of sealing
individgual duplex gaskets.

Battery PBO21:

This unit consisted of one hundred 0.06 ampere-hour celis in series.
The following parameters apply:

(a) - Gasket thickness: .020"

(b) Electrolyte feed channel: 1/16" w x 0.020" x 1/4"
(c) No. of cells per module subgroup: 20

(d) Electrode gaskets bonded with Eastman 910 adhesive
(e) Battery pack encapsulated in epoxy resin

The five 20 cell.groups.were stacked and connected in electrical ser-
ies prior to positioning of the manifold feed block and subsequent en-
capsulating operation.

The battery was activated using 90 cc of electrolyte (38% potassium
hydroxide). under no load conditions.

Activation was normal and the open circuit voltage rose to 171 .volts,
two seconds after activation. At t=60 seconds the unit was discharged
at 3.5 amps (1.1 A/in®) and.gave. the following data:

FIRST FIFTH
100 CELL 20 CELL 20 CELL
BATTERY MODULE MODULE
TIME (SECONDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VOLTS
2.5" 57.5 28.0 13.5
5.0" 35.0 25.0 8.1.

The test was interrupted at this point, because of the apparent. imbal-
ance between cell groups due to poor electrolyte distribution, and ten
cubic centimeters of electrélyte were added to the battery. The unit
was then discharged at 3.5 amps. The following data was obtained:

FIRST FIFTH
100 CELL 20 CELL 20 CELL
BATTERY MODULE MODULE
TIME (SECONDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VOLTS)
ocv 170 32.8 32
2.5" 41 29.2 25.5
5.0" 138 29.0 23.0
10" 130 28.6 21.8
15" 123 28.3 21.0
20" 115 27.6 19.5
30" 104 25.2 16.8




The test was interrupted two minutes after battery activation. There
was no sign of arcing in the electrolyte feed manifold and, after the
test discharge, the battery voltage recovered to a normal open circuit
voltage (approximately 1.55 volts per cell).

Battery PB022:

This unit was similar to battery PBO21 except that it consisted of
one hundred 0.06 ampere-hour cells activated in hydraulic parallel

i but not electrically interconnected. The battery pack was divided
into twenty cell sections, each secticn being activated tlrough sep-
arate manifold channels. A pair of leads extended from each twenty
cell stack. After activation, the five groups were connected elec-
trically in series by means of knife switches.

The battery was activated using 90 cc of electrolyte (38% potassium
hydroxide), under no load conditions.

One minute after activation, the 100 cells were placed in series and
the unit discharged at 3.5 amps (1.1 amps. per sq. in.). The follow-
ing discharge data was obtained:

FIRST FIFTH
100 CELL 20 CELL 20 CELL
BATTERY MODULE MOLULE
. TIME (SECORDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VOLTS)
ocv 174 3k 34
5" 143 28.8 30
10" 41 28 29
: 15" 138 27.5 29 3
] 20" 135 26.5 29 :
» 30" 127 22 27.5 ¥
Lo" 113 18.5 25.0 3
50" 100 17.0 21.0

The test was interrupted at t=50 seconds and 20 cc of electrolyte ad-
o ded to the battery. The discharge was continued as follows:

FIRST FIFTH

100 CELL 20 CELL 20 CELL

BATTERY MODJLE MODULE

TIME (SECONDS) VOLTAGE (VOLTS) VOLTAGE (VOLTS) VOLTAGE (VOLTS)
| ocv 157 31 30 i

i 5" 133 27 22.5

. 10" 121 25.2 17.5
15" 108 4.7 13
20" 99 23.6 10

The results of tests PB0O21 and PB022 indicate that the present mani-




fold design is adequate. Intercell leakage has been reduced and arcing
appears to have been eliminated.

Battery PB023 consisted of twenty (.3 ampere-hour duplex electrode cells
in series. This . test.was run to determine the effect of longer times
of operation on duplex electrode battery performance.

The following parameters apply:

(a) Gasket thickness: 0.020"

(b) Electrolyte inlet feed channel: 1/16" x 0.020" x 1/L4"

(¢) Silver per electrode: 1.7 grams

(d) Zinc per electrode: 1.05 grams

(e) Duplex electrode thickness: 0.018"

(£) Separater: Pellon #2506K - 3 mils thick.

(g) Activation uader pressure using 40 psig nitrogen - helium
mixture to displace 20 cc of 384 potassium. hydroxide
electrolyte.

(h) Battery pack dimensions: 2.42 x 2.675 x 0.5% (3.5 cu. in.)

(i) Battery pack weight: 121.L4 grams.

The results obtained were:
Open circuit voltage (5 seconds after activation) : 36.0 Volts

Discharge rate: 3.5 amps constant current; equivalent
to a.discharge current density of 1.1 amps per

sq. in.

Voltage (after application of .load) at 5 seconds : 29.5 volts

15 seconds : 29.5 volts

30 seconds : 29.3 volts

Plateau valtage ¢ 28.7 volts

Time to 20.0 volts g 315 seconds
Capacity : 0.306 Ahr

Watt-hours (based on average voltage) : 8.8

Battery monobloc energy density ] 2.5 Whrs
per

cu.in.

We conclude that increasing the time of operation of the twenty (20)
cell test module from 75 secdnds to 5 minutes did not cause a degra-
dation in performance.




1.1.2.1.2 Design and breadboard of a 1000 cell battery module.

The design of the unit uses the guidelines established in the 100
cell test units described under paragraph 1.1.2.1.1. A total of
2200 unit cell electrodes were prepared .and assembled into duplex
electrodes. The. individual duplexes were then insulated using
0.020 gaskets and.made into 28 volt modules.

Parameters for the unit (1500 V nominal load voltage at 3.5 amps)
are:

(a) Nominal capacity: 0.5 Ampere-hLours

(b) Number of cells: 100C

(¢) Number of modules: 50

(d) Number of cells per module: 20

(e) Total duplex electrode thickness: 0.0225" (includes gasket)
(f) Electrode (active material) dimensions: 1-11/16" x 1-15/16" !
(g) Active Ag per electrode: 1.7 grams
(h) Active Zr per electrode: 1.1 grams

(i) Available capacity (based upon a silver utilization
of 0.33 Ah/g) : 0.56 ampere-hour.

(j) 28 volt module dimensions: 2.45" x 2.65" x 0.:8"

(k) Battery monoblock dimensions (not including header): @
i 5.08" x 13.42" x L.25"

(1) Battery monoblock dimersions (including header):
5.08" x 13.42" x 5.5"

ottt S TRANA o S B S 16

3 (m) Projected power output: 5.1 KW
] (n) Projected energy: 750 Watt-hours

(o) Projected energy density (not including activation
system) : 2 Whrs/ecu.in. :

A drawing of the breadboard battery assembly.is.presented in Figure 1.
Additional sketches showing the details of assembly of the unit cell
pack, monoblock, channel feed, and activation hardware are shown in
Figures 2, 3, 4, 5, 6, 7, 8, 9.
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l1.1.2.1.2.1

1.1.3

1.1.3.1

1.1.3.2

Machine plastic parts and other components are being fabricated at
the presert time. Assembly of the battery is slated for the follow-
ing work period.

Additional Tests:
Tests rur during the last working pcriod include:

(a) Electrical tests on silver and zinc electrode materials
prepared for the 1500 V duplex electrode unit.

(b) Electrical tests on finiskted four cell units represent-
ing e sampling of cells fram tke 1100 unit cells as-
sembled into modules.

The circular duplex electrode battery.

Five (5) alternate design approuches for a circular duplex electrode
battery nave been establisked and the projected weight and volume for
each approach were calculated. The basic concept is the same for all
designs. As previously described, the battery will be activated
through the center by means of a central manifold. Zach duplex (or
cell) is fed through a narrov channel measuring 0.010" x 1/16" x 1/8"
wkich is in registry with a slot conmnecting modules of twenty cells.
This slot, in turn, leads to the main battery activation menifold.

Design No. 1

Description: Duplex electrode battery utilizing cells having a cir-
cular geometry.

Tre cells are stacked in a single row and are activated
through the center by means of a central menifold feed.

The battery is to be assembled as twenty cell modules.
Battery activetion: All-pcsition activation system
utilizirg a gas generator - electrolyte coil reservoir

activation system.

Battery dimensions: 3.375" dia x 26.25" long
(233 cubic inches).

Design No. 2

Description: Duplex electrode battery utilizing cells having a cir-
cular geometry.

The cells are arranged in four stacks. Each stack be-
irg activated by means of a central manifold.
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4 The battery is to be assembled as twenty cell modules.
Battery activation: All-position activation system
utilizing a gas generator - electrolyte coil reservoir
activation system.

Battery dimensions: 6.25" x €.25" x 6.5" (254 cubic
inches).

1.1.3.3  Design Fo. 3

Description: TDuplex electrode battery utilizing cells having a cir-
cular geametry.

Cells are arranged in four stacks. Each stack being
activated by means of a central manifold.

The battery is to be assembled as twenty cell modules.

One position activation system (gas generator-cylindri-
cal electralyte tank system.

Battery dimensions: 5.25" x 5.25" x 8.5" (234 cu.in.)
1.1.3.4  Design No. 4

Description: Duplex electrode battery utilizing cells having the
shape of a circular sector.

Cells are arranged in four stacks. Central manifold
activation.

The battery is to be assembled as twenty cell modules.

All-position activation system (gas generator -
electrolyte coil reservoir activation system).

Battery dimensi~ns: 6" dia. x 6.625" (187.5 cu.in).

1.1.3.5 Design No. &

: Description: Duplex electrode battery utilizing cells having the
shepe of a circular sector.

Cells are arranged in four stacks. Central manifold
activation.

TS

; The battery is to be assembled as twenty cell modules.

TSN

One position activation system. (Gas generator-cylindri-

SRR
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1.1.3.6

2.0

2.1

2.1.1

2.1.2

cal electrolyte tank system).
Battery dimensions: 5" dia. x 8.5" (166.5 cu. in.)

As noted previously, the preparation of the duplex electrode, the de-
sign of the electrode gasket and the separator material called out are
similar to that .described.far the square celli design except for the
form factor. Design verification tests based on 28 volt module test
discharges have been scheduled for the next work period.

Trhe Use of a Battery-Converter System to Supply Power

Work on .the study of a battery-converter version of the Missile Power
Supply was continued during the last quarter. Essentially, the power

. supply package.corsisti of a remotely activated eilver-zinc primary

battery (or batteries) in combination with one or more static power
converters.

The battery section of the battery-converter design approaéh.

Designs of cell and battery systems for proposed ipput .voltage lavels
of 5.6, 28, 56, 90 and 200 volts have been.prepared for .projected bat-
tery outputs of 2 kilowatts.to 20 kilowatts. Since the battery study
was to include conventional (individual) cells as .well .as duplex elec-
trode (pile type) cells, designs were prepared using botk cell types.

Paper designs. as well as weights and volumes of cells and battery sys-
tems for the .proposed input voltages of 5.6, 28, 56, 90 and 200 volts
and outputs of 8.5 to 12.1 KW, using conventional (individual) cells
have been presented .in the third Quarterly Technical.Report. From
these data, formulee were derived expressing the weight and volume of
the batteries as a function of nominal battery terminal voltage, watt-
hour rating and percent regulation. Tke analysis is presented in Ap-
pendix III of this report under "Battery Weight and Volure Calcula-
tions".

Projected silver-zinc battery energy density versus size and weight

as a function of battery voltage (5.6, 28, 56, 90 and 200 volte) and
voltage regulatiors of plus and minus 5, 10 and 15 percent have been
determined for batteries utilizing.the pile type. (duplex electrode)
constructior, .in the range of 133 %o 1G0 watt-Lours. For purposes of
optimization, the units were desigmed with the thinnest possible spacer
gaskets (0.010" thick). Tabulated data are presented in Table T to show
the effect of reducing the duplex electrode gaskzt thickness from 0.020"
to 0.010".

Optimized weight and volume projections. for. battery systems (utilizlng

conventional cells as well as duplex electrodes) with cutputs of 2 KW
and 20 KW and operating times of 15 seconds and 5 minutes Lave been

19
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2.1.3

2.2

2.2.1

2.2.2

compiled in Table II. The methodology and sample calculations for
these projections were presented in the Third Quarterly Progress Re-

port.

Summary sheets showing (a) battery component volumes versus battery
voltage (b) battery component weights versus battery voltage (c)
overall battery volumes versus battery voltage (d) overall battery
weights versus. battery.voltage .as a function.of output (watt-hours)
and voltage regulation, are presented in Appendix I. Energy demsity
figures have also been calculated for each of the battery types.

Design verification of the.projected design for a
90 volt 133 watt-hr. conventional cel} battery.

As discussed previously (3rd. Quarterly Progress Report), the bat-
tery consists of 6l cells (nominal capacity: 1.48 ampere-hours) in
series and is designed to operate at a voltage regulation of plus
or minus five percent.

The energy density of the battery was calculated as 23 watt-hours .
per pound and 1.16 watt-hours per cubic inch.

A design layout of the proposed battery was prepared in order to
verify the overall battery dimensions previously calculated.

A print of the layout drawing has been reproduced in Figure 10,

The projected volume.of the unit (w/o outer case) had formerly been
established as 125 cubic inches. The actual volume (including the

outer case), .in accordance with the design .layout, is determined to
be 141 cubic inches, indicating a good correlation between the pre-
dicted and the design established values.

The converter section of the power supply.

The subcontract for the study and optimization phase of a DC to DC
converter for the Missile Power Supply was awarded.to.the Ordnance
Division of Honeywell Inc., during the last reporting period. Work
was initiated on phase I of the program on April 15, 1966.

A technical program plan outlining the projected work on the con-
verter was submitted to Yardney Electric by Honeywell. A copy of
this document has been included in Appendix II of this report.

Honeywell's first quarterly progress report which documents the ef-

fort expended during the preceding three months of this study pro-
gram will be found in Appendix IIT of this report.
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CONCLUSIONS

It has been establighed that a duplex electrode battery power

supply utilizing a square configuration will weigh 13.7 1lbs.
in a volume of 266 cubic inches.

Analysis of the. design of a duplex electrode battery power sup-
ply utilizing a.circular. configuration has. indicated that a
unit can be developed that will occupy a volume as low as 166.5
cubic inches.

A test run on a twenty cell duplex electrode battery to deter-
mine the effect of longer times of operation (up to 5 minutes)
on duplex electrode performance has shown that the increase in
time of discharge did not cause a degradation in performance.

Tests have shown that the arcing and intercell leakage usually

. associated.with.high density.packaging of high voltage duplex

electrode batteries can. be.minimized, if not eliminated, by sub-
dividing the battery. package into twenty cell nodules, each mod-
ule being activated through separate manifold channels.

A breadboard 1500 volt experimental duplex electrode battery has
been designed. Projected power output is 5.1 KW and projected
energy of the unit: 750.watt-hours. Overall battery assembly di-
nensions will be 5.08" x 13.42" x '5.5".

Various .combinations of batteries and converter regulators were
investigated and evaluated under the work program subcoatracted
to Honeywell, Inec.

A design methadology for the battery-converter approach is being
developed, to be applicable to similar systems of various power
levels, voltage levels and load transfer durations.
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APEEDDIX I

(Battery-Converter System)
2 - 20 KW Battery Output

Summary of Data




OWATTS

Lo

1)

2K\

BATTERY OUTPLUT! B33 WATT- HOURS AT

. =2 & B SEESE ...
= — huw ¥ H 1 i 1' E ——— .
= = H = H 3 T e
FEEEEEE, } i 253 , it H gzzzs23== ) ?
HH s l- H E l- .WW- o SSESERES =P
s i e :
353 E-r - i i o S=E S L
i i ==: z2222SS
1 H -= 1 - 5 G |”| =
1 -“ 1 X 1T o “I'I + . m
H . T 1] i g .
-+ 1 -+ H r..._._”. 1l - “_
: = [ T i N
| I i 1 _.-1 [ T m N
1 * |
13228 IS HIEESSARER =g O
3 N =3 EmEs fiiin 3 !uw 3 R 'N ,
i SEESL 'S S . ; f gzsL
= 3 iili EsE===== i - E= 1
IR s w .
SSS=E m”“ i 22233 - kﬁ 5! 13 B e G
% H THHERE HH HHEE ] LB T H..ﬂ A\
0 B 7 ®
*- L : L . M L ; b i - _ st } m_. .m F+ T - m w
s Hi i ”..H.— [ . g 1 HT It H .1.. w
e I ! i | 1 H T
11 i 1INEEN BN} I I B
- ! * . bpoed 4 1 T 1

-1
==

T
é‘:A
e 7T e e W
BATTERY

e

A0 B Wi 0
i

WL

L

i

I

i
o

VOLTAGE REGULATION

] H 4+ a
SEERSS 1 L B
HH + =
H T H 3 H 4
H £38 i E “ H .
H . -
s 1t 11 1 E 1 H 5 B 1
1l T 8 L ]
1 1l 1T 1 1]
i i % )
i +H+44+ 114
i it HH ! i : fissssmmm
1l T 1T t T ] [ ISR NENE
{4 - .# - - - .__, — 4 L : ﬂ * - ++—+—4 :
R . i v ..._. 1 e® r ® B v n n T
-} ~n - - 22

«

(SWV™9) 1HO1ZM  LNINOIWOD :
SXIDAD _EfI-E EXE DIMHLINYDOT- TN EEHLITE
ANYEMOD LSO« WIINIORMS
e v e e WIS S s v} Nemeen s @ gmel gy e 8 BT T S i e sl e . Epp— SR

ETH

R e s




FHH 3 2 |.|.r. a2 3 == === AJ y
T E& 5 T S === T e ]
" pliines. o i i SRR :
ot b, BHHH = +4— H = e
- i BFEEEEE i e i &2 EEEE e i i ; EZSSSE== i
« SSEC =5 : S - ®
3 5 S i el ]
T = SESEES a1 == ===
HH —- HH =333 i+ it = +— 3
w S= i - Ww S IEESS DTy it um.u. ﬂ”“rl.m _
Vi i 52331 i i g saEsa S SR R i i 2332 -
Z T 2B ! nnaed o s passe FHT v.w...r luluuu ..ma _11 == g -
] t . T . .l - i T |Jlm
] M 7 IFITENT S NG BEm 1 e 0 e
% UUH . } : =) B R o 5 - i T ! : +1
- B A8 111110440 b, VEDRRAT ORRE O BB S IR I RN BN B
<« 12 - ek VR OEDAR OB i 1 | T
BEa® ! e T 0 T TS SRR
F HHHH | ! i IR H | HINHIEAN g
Mrw i3 SSSE==& fiiizsEssse=e= £ s=l ﬂu
2 inxisEsaacis hiEiassE o iiiess G
0O H E=: i i ffSsssSES== S T ESSSSS=== S
T N T i i ases SRR S SRS RS R i i i e ;z=z==== NG
, i 5:33352 fi T 333233850 i : fiiiiassssem
T i 3 === $338E:sS .. =z .%.I $EZ== ===
= AN i Sisg=s===c=|)
g e A i B e R w
3 HRWS B e MR )
SRy i kit - Sinbiiid SRR < =
ol A 1 = ——— HHHH s et SSSE== ) i
. H . I8 B8 B I 0 ! : 1] g
Tjssnsiasams 1A i 010 [ LE SEUNE N
f ! PR ! F.TAN- TN " i ! LITT
| | [ ] S i o | _ | | “ | 0 | Il ! m_ . H 1 f I ! u |
T ' 1 T T T T H 1 T ITTlo

]

1§

T
vz

SUTTEI -

BATTERY

REGULATION! =10%
T

L ] B
i3 : ...”|u HEETE 253 7 = _”“ H 32 =ES=ESL |
e R R R i i L s e |
i HH s IS S RERE 2 T m 2 = = e 11 223 SSESEE==E m
i FHH t11] FEE 1 H a o = 1 HHH i 1 eesIeRRs sestl s o = i i S . r
oy & S - H == o fiiiiissahice i ess====k)
o L ; = fHH HHHBTTEE 1 T+
i ,u‘ R R H ﬁ_u._: ¥ H 1 i T ] " ”
Eoog iiissszssms i i tRssass ot i - 4
Eoe HIEEIEEE ffaIsEEs L | :
« i i E8ES Th s HilistReas it i T *
o . 18esi i) 1111118080 088 - I i Snassme
= 1 NI N el s I ! T w
| ; HHH I , | T ‘
T T [ T 1] HIIH [ BEER
L iannnnaN I IR DR [l AR T . |
n = a7 r~ © n T " ™ - O 5 4 n ] -

; 0o o® « n ~

((N)) TWOTIOA  ANINGIWOD R

S37124D L Tf'"Z EXE DIMHLIEY2O0T-TNd ECHLIZE b
ANYAWOD LS04 WI i «3ICINS




3 ,1_,. T : === HEHHHE =

T

.,.+ * "umm 11t 1 EEESEE =

Il

T

T

SRS

:

- :
T

T

T

|

T

53

Ht . 04 108 T F —

2

@L
4

i
LLE
1
!
+
1
i
T
s e
1949 Fe4 0
311550
o ‘iF
1t
ﬁ;
It
}
]
il
t
i
i
t
;
:
.o
1
t
1
}
Tl
il 1
40 WO WO TO OO OS

£.33 WATT- HOURS AT ZKILOWATTS
=3
]

| 1
il
e

“F

11
A
T

e i
ass u
T
¥
T

1
|
|
L

T
I
t
1
I

0 H Hiiiass =+ ; i T i S ===

m’ mm wu.#uu ; == 15 i = . .I"..I.n.. E -

‘4' mm e e 11 -m HHH THHET ! @ M .m.m. o

7 G L S i il S e o

O E e 1 _ . HHH [ HH“.IMHIM

4 t . i 111100 10000 BB

- ! i s e e Al T I i Eee B8 amams
- < _ ; i I 1103 48NS A BE

) . 1 BO

D

w

o

IR D

i h
.

]
S €€ 7 8 ¢

= HH : —++ 43 e b L+ - + —+ +
I3+ ¥ H R T i & 1 R =
FIiFE HIEY ! i 3 -

H T e

BATTERY OUTPUT

u i3iEasEss H it i REEEEE
G H = ES H tH EEasm=
i 4 Y = i SEpanssh
-4 i SiSEEEE== ¢ i HIHTH 23ESES===
T - 11+ 1 F i H . m =
- H+ T T i 3SSE S
O : 1137 : W ~
11 1T : M1
V "“ .Tl.”“_ I | } 1 I.H._. =
1 1 m ] 411
““ ._. ..u._ ] “, “ m FEEEE
1 I s aen s R m I +_ T
ﬂu_ il el llle [T H | I i

L] -

L]

CSWWYD)  LHOIIIM A NINOIWOD

SBTIDAD Z/1'Z €XE DINKHLIMYVOOT-TINA CCMLIITE
ANVINOD L1304 MOINIOBMS

e e e TN TR R A o 0 T e 2 i i SARY S RN P CL JPIFRPEE i VL PN
=

P | Pt - e a i i i ifh g y 5 Py - A "

{octs)

32

VOLTAGE

BATTERY

v p——




833 WATT- HOURS AT 2Z2KILOWATTS

OOTPUT

BATTE RY

+ 15°A

[y
.

VOLTAGE REGULATION

= H H 3 - |m|n- i3 R
HH £ 3328 L 25 : fEEdsiiis SE=:
e s HHE === - E=SSS=E==S
e S HT T
ss=== fjiiacsesns=mm= )
T 3 + = T T e a.a. -
- SE==== : =5
: i §555 it SEESS==
P 3 SSE=N =S H HiTih - + All
222 SSSSSEES fiz22 sESESEZSRES & SESS =S =
i H E §i28HSSSS 28RS i HE +H
H sizess E === 23538 == H THEA®
sen — 111 = 11 . i S ==
T 9 g = T 3 5 0 s o
: i i IS SR E
R G il fabw T
H Hathe 8 ] + ! s ) 5 S S
4+ g FRR ) . vttt 4
1 i 1 1 1 T 5 ) O I
i t i 1 1 ..ﬁ___ 101 e 2 () Eh 8
1 | 1L 1 111
{ 1 ! il i 1 NERE EEREE
e i et e
I 1l i I } i SN S S .-
1 _ I _ 1711 m
= T Sy
: F jiggs====: : i nies : 18
H HH i it iizrsgE==c - 5 gensseany H = = Jn
H HE EEsigESE =t i HHH HH ===
= H3 1+ ¥ - be s131tis T - .”
i S=E== i H 13 E=== It St 11 iilg
: iiiiisasaE=] i i ==
222222 SEEESS==E Hi i i i =k
T § | TEE E § H H 3 1
H FH = 3 e i ==== G H ! 1 it nI=T
i =+ ! SESSNE § (EREE i )
22 T 133 T 1
£ i + i I3SSESEES : Hi fESam.
= ot .m.... “ H
+ 15es - =
T I - + L. m
i 68 01 1 I It | 5 2 8 0 r
1 1 i 1
HEmE i i t +1 . Tt T 1
2 i [T T RO DESH 810 3
- RS i i (SRR AR
X g IR H iiiiilsesane
| QLTI IR 1RER 0O I eauen L1
A i [ 11T 0
-4 = |HlH -
t 258 B EE T EEs§ESSEE=N
: Ei e HH EEE s
- - - a H {11 =aa baglis ol -
+ i A s i~
BF SEEE S i i i ees nnoMet i sasesas =SES=C
ESSSSSS Hid Y. ! i3 "
i <+ - HH :..“ T $ T
= S TEFFT SsE= s
e ERE=E §iiZESEEET 35 SR SaaE =
gEict i HEE i e sa====P)
HH = SE== HHH H+H 4+
- H = s==== L
i s==== — : = £ _—
= ﬁ sSiss Sita s 3 ====
a8 = i 3 =E==
o 1 2 8 i 1 ] = = g
e H t ++ by e { 1 +—+1++
t L1 Y G Y | HH 44 4
| 1
H - 44+ 14—
i i ! i i
1] 11T T i (il _ _.ﬁ ! i =]
1 HiN il 1 [T I [ =
L] - 600~ © n < L o -0 N n ", L] L) -

G

IWNOA

ANINCIWOD

SI1D0AD TSI EXE

DIWHLIEYDOT7-7TN4 EEHLIZE
ANYdHWOD LS0d WIIMIOIdd

(VoLts)

VOLTAGE

BATTERY

&8

gth ¢

|

._;.__*.. =




.
- - 3
: . ii335 24 e
5 % FHH = H H zres s
H i HH : + H === ° >
-+ EE=ZWEES uu..mnwﬁr. ===1x st
! : S H T °
j 3t ik H = i _ 1
~ ij==3 = o
- F = = = .
(. i adza= EE=
3 -

1
T
et
T
T
t
Hr
%
>
 mamas s
Tt
Ts
THT
1
1
1
+
o
1
T
]
|
i
|
|
|]||L
-

AT 20 KILOWA
8
7 o
'Tl
1
T
t _' I,
| WS ONA DR o !
B
T T
- e
82308
™I
R R e s
1 1
SRR
I\
0
i

It
¥ piei

il
1
T
T
9

i
T

o
-
T

VR
SREEE i +d v
SFREREE! Hiiiizassans LY
i £ 5 ]
i i3] : @)
$H L ] HH HEET 1R >
z . i T i 8 T
I T e 1 -....ns {1 Bgdn b 4 1 ﬂ ,
5 333 H |ﬁ|| E 3338 =
L LT : - . q ﬂ
/l HEHEE i == 1 I._....| £ & ¥ i . - a H H w 1 = D E
oo A48 ARS RS SAMmBIrIr AL EE b r im = T 13 ;2 :..m\m { > |Ipm.. = M IﬂWJ
= : ens = = AEa8EREI BEE H T r- = it w sspiisene s w. =a e mll. | -“—-
: M “ [l > = bins T 1 : i 5 W | w O
w RERE: i x DA T B R R T
== I § i i aag = [ i { M sEeaa s n >
i 1 ] 1 e ! }
1 1 1 L 1 A ] | e ] | 2jel)
i i 11 i 1 ﬁ H 1 T.._T-,- H1H m
| ER il Al E ] T AL [
| i

BATTERY

T
[oee
I
4

5 & 7 8 @ 1O

1

i

W#L

T

T T 1=

BATTERY OUTPULUT: 83.3 WATT- HOURS

VOLTAGE REGULLATION
3

i

i s - SRBRA 11" 1t i - il 114 SRAARMEE i i : .

(GWvd9) AHOIIM  ANINOIWOD

STIDAD T/1-T €XE DINHILINVYOOT-TINS CEMLIZE
ANVAROD 1SOd NOINIADNS

“am el P S A R R B ekt T X i b e miitn. - Wil R L ¥ Wit AL TV DU~ W O TP et S 5 ia i . X
i — —
._ﬁ




Zo KILOWATTS

CB3ILWATT -ROULRS AT

BATTERY OUTPUT

£ e

NOLTAGE REGULATION

++ 5 hod
It ﬂ.l%“n.‘l 3 |..I |||| — : .
H p=EE== =L
it m.nml.-...“ g2s : [ ]
Il ++ = q:m.::m H I - - T
= 18
ot : = l.l a*
4 e Lo L
T istiiine 23 .
T T o I
R TH " ¥ = J._m
L IR B ; 8 43
v ¥l
i | i H I L amE r\# Y
. 11 _ ! i ] 1
_ ' =i
+ -+ == 2 = &
3 M.. = H 2:132 SEE= HHH = m
i : i Gisasamas i Bl
: ZEE: SR T i R e R sR S S a L
T T : ++1 : T EH = r o o I 1 3 438358 H.uﬂ, ¥ ,... .u.. |.| gw
= == = = F35 ._m|l 5 = mu” & Esisi =] _
g e e rasa |.. 3 - - - ”
— L33 3 13 i -:- - hum
-1 T+ 1 T SE= 533 SR =
i HT EEESE H H e : + t w
AT T T I SEESE=S S§E 8 =S
inaiaa i = 9 s s B )
e THTT+ SR EaEmm L
4 “+ T 2
s [ £ b
L b 145108 I I O 1
1 } .L.l_ + 44 4 it
! i ! [TEITLT i P 831 ) L 8
i EIRIREES RS £ ; sSaEaSs i £=
i ssdae cammmmE i e - i i g
= =5 = £=
: SELs T T iis
- - = 1 iy 2
H HE 3 it 1 1 S THITE
Iattaiinal f EEEE S 1 _. | -F M..x..m -+
! EEE=S H SEEE i ST ES
FEEE | | gyt SoEdes=
4 H i L e
H _.ulw _uﬁ. L L i } .r......lm
W : b
FHE i ! SR mm
T t : +, P 1 ._. T T Hlu..«. T
N HiT T il 50 1 T
| il HTHII il | EARE =
[+ 1 T a0~ © B L] n " - a 9 -
) Anz o IWATION  ANINOSWOD
' ’ SETOAD lN\—-N £XE DIMMHLISYDOTI-IANS

LA A v

€EWLITE

VOLTAGE {(voLTs)

SATTERY

35



Sy I L ... i
p— —e e e e e -

0 40 80 @ 70 OO 100

m = :
w =5 H 4 i
S i == :
| i : th
- o 1 t ;i 8
'4 it
T 1
11 11 L, )
9 it i m
i SEsSmE =
T 1 i T
,Q\M H === HHEH ==
W THH : SEa=s
—\uv = E HH
; I= : = i =
, A . s §e === =212
) 2 .m M : H E
{ > : : S { :
. = : - i —
' H n
M . __ L 1 ﬂ + T 1
{ ™ " 1IN T i
j (9] T Tt B |
1] A I
.. i i ! ]
SS=== s H s = E=|
2ES=ES SIEESEEES S H H SEESSSSS|

i
1

T

33 H EESRE I

i

+

'

[

1
et

tH

I

i

|

B0 R

!
Il
T
l

VOLTAGE REGULATION '

e
m
i

Ll

e
o e
T

BATTERY OUTPUT

e m

-aor O B ¢ n ] ~-eq K u B8 % n n, e

SFIDAD _EfI-E EXE  IJIMHLINMYBOT-TINS CEMLIEE
ANVdROD iSO~ ‘uBaTMd

F P OO, T LT O P L it : St 3 P A

s & 78 01

-

200

200

36

BATTERY VOLTAGE




AT 20KILOWATTS

83.3 WATT-HOURS

oUTPUT
VOLVAGE REGULATION .

BATTERY

s & 7 0 ® ¢

200

EEEEEES e SSESSESS FHE T B
EEEEfS=SSSS 182
=1 1..M.n”. = i H SSSsSSESS====
3¥ - b § - s H
TH SESSS fshcsa=S=== H Hi3 1
44— == m =
SESSE=S == I.“ - = - um .4 - - —
+HEH] H i = i H ==
= e 11 - 11T -
11 1l e T
1 -+ 8 ' | 1 H H et —++
“ - - 1l m -.‘_”.I [l - -
R 1 ] B ! I
1 1] [ 1 [T TH By o -
HH I ! H 1 11 I 1] 1 TTTT -
i titi disass am i i ] T
TJ 1 i1 11 11 R O
T i H | 141
$4 4 4 B 4 4 - +
1 - - - t 41—
HH | L[] HHETHY ]

= EE it iH == it : 222
U === H 1 B e 158 HH = ———
1 T3 1 15838 HH 1 iy e 1.l A 11
fiiiiizasas =ES==E= ; i T H+ I T ESS==
iy 53 4 i EE i _ i E
SRS E i3Iz IZLEREEEN] EEE=S
= H BEESE === ==
t §EESE=S i i gLZESSS i S22 :
3 4 i

] 40 SO @0 VW e ICD

:
-
:
bl
111
J
1 T
=
-
-
T
1
.
:
Il
S
M
il

1

e
£
S

= o o S . e i
= H +- 1A HH = D
FHA T
3 i = - 151 | ] L1l 4

ifiies iEgEs HE i gt
§552 i i E ! §E22223335S
g §3S3SE 1 it - =
3 HHHHHE o = ) - T - r.[r.rnu.f,
83 = a1 It :
" - T 0 S
1 : A 11NN TERRR ERRRERRNN T Y PO il
sIRENEN g 1 HH SRRNEEEI HHHETT A :
U BREE Y i - _ HH I i = T '
It T I @ 1 ﬂ# it i1 i _ ﬁ T
oe® ~ ® B L] L] n ~—ea% r 0o o L] L] ] -

(SWvH9)  1HOIEM  LININQIWOD

(voLTs)

37

VOLTAGE

7 8 8 O

BATTERY



>

..wl... s i338 T EESRES .
- mmnu i = = A ,m HH 3 = uum i .m.wwu. 238 ] ” v
i «u“._; _m i FaSSS =SS LY
EEFL iii ==
2222 G £ Sr i
C..- = 22152 3: i cH H fiiti] ESS===)
T mm m - n”. ” S T, i i it 2 f822 4+ Hllm
+ s 1F 58 4 2 . i HEH®
< i T : HHETRE (R 131 SRE3 A i 3 P
1 _m I H 1 1 ."..‘ S I "W . it i N +
m A AR L i R R .Ln- H A R R R AT
v A A i 1 Rt | O CRSRRBRATR i i A |
x AR AR A NG T N NIy } m
3 .mw.“ r—_l- =T i SEEREE m 7N j
7 H = H
o | A i K
% il # g fifi i 2 9
ik X ' b :l_:. . H 4 4,. 133 355! w /N §
o ! N, .“.n| 1 _ H sl “
M HE § ) ..L* i 19 “
2 2, s saas s t
i . A g o |
H 0 mm = i HHH i rﬁw \ 14 + T . M 6 o o] ”
RN _ i f : it g T = > !
T e m ¥ iz I W
Eoo Giiciagee O hiibee O _
M £ i i i i PHHT ﬂ nHi > .
=, T \ iy T _ u i t .
T i : ! d T _
5 3 it tee HikL i, > |
- ﬂ“ H ..m\ == EEE - = ..ml. R '
5 -« L ESES - {1 HEEE H + “ W ;
A : i
55 , 1 it _ * ke |
m G = s H i H s : 5 A ,_
- o T i it «Q
2@ : i : -
O it i r- = HH H = L]
R HH i i 8
1l < H H T H % } : T
T U % ””.I, HH m 4 III
O i i R
> 8 TR T “
+4++ R " 11 Hi _ H-+ ++ “
HH Iy 1 } | [ 1]
o8~ ® ® ¥ " ._tEﬂrln‘ . ”_ﬁ ] Pt ¢ 8 WL_\r —
(SWy¥9)  LHOEM  1N3INCAWOD
SFIDAD .l.l\_-ﬂ EXE IMHLINYDOTI-TINS EEMLITE
ANVAROD LS04 WIINIAREL
- — e T - Pt Tl N Sl B 3T 5 T30t Rireiet 3, Y. 2P CREL T TR JOSTTVRGT 7 Voo =




COMPONENT

axs z2/1/2" cvcLes

FULL-LOGARITHMIC

FREDERICK POST COMPANY
321TM33

BPATYT EEY OUTPUT
UALTAGE REGULATION 107,

(67 WATT-HOURS

AT 2ZKILOWATTS

=38 =
12 T 1 ot
E = 5
o preds: b3 =3 = 5
; = T it T - ] o o 2 ++
= T 1T = o LT " O o o g
> - e = +
E i - mm—===2ili = =
-{ H T £ - 3333
= -
3 : -
1 1 T T 1 oess e poas
e ot easa e
: t —1 t it : Hih
= = H
b e Ll L L
1 . e B A _} 1 1 il 1 e I l[ - -
! ! T 1 i 1 ! 1
i 1 ] I al T 040D E B
B S L i " - { 1 1 . =
A | I | ! U Ll
T T 188 T 1 1 ) 1"
i 1 S !
Al :II / * 4 i Il 1'] | {‘
N ‘ . Ladl bR BRI 1
+—+ t i T T I
iy D74 101 A Ak
T i 1 ' it T
®
[ } +
-
¥ : S :
: : S 3
Tt t T T T  enass nas:
s
4 = =
== S5 Seaa: =
3 . : 3
4 I 13 T T
n — oo T s — T
T n 13 H
4 : ol " 1
24 84 el
2l " 4 T bt 1 T
S E BB PO 1 " P 4 4 1 i 8 3
1 J0 1 | IR t 11 B8 HA ! i I' 1
B g [ e | T I T ™ T T T
i H 1
1T 1 1 1 “| A T 1 ‘. T Tl
] 1 ! A 8454 T 1
| B I I LA JRSEA 9000 10H I !
T T T T T T T i t +
T T + ™ T == - -
1 =
° ===S:I:it S+ ;=2 3
s B g == = ol L I:2
= S o == Ir" ‘E El: - —
7 : = =
° S : :
: T oo =
¥ ¥ > 1 T == F i
-]
“ 353 =3=
T =3
——+ T i — 3 e | = 5
" E=SsSSSSt IRt SRS SRS =
== T : : 22t = T
- : : . e : 1254 = '; R
= T i T ' T+ &
ERSRE s 3= I 38 1T T - bo 1 savaypes "
I el - I - O i 1 R ha 3 ; '|r" f J%
a T : I HELE B0 RS b S0 PN H I. MEW B EESs 888 1 _ig 1
-+ - + o 4 . & P . e boroa ot b bed doa ey
i i 1404 B ABA A il SESEES i S S S ES 5 ASe A S e
+ ; } il eSS IR RS D01 156 - ——t + : + +
T " 1 i =1 4 o e T* a8 T ' T
1 ] 1 1 1 1 1 T Ty i L 1§
e e 4t ' I i s e e !
0 0 D il 0l i ! | 1 naasanan i 1
| 1 1 | 1 T 1 I 1 TTTITTTII T l
| | | i Ji + i) S e B e 4 il bbb H 4
T I I EW L5 I I T I 1 T ) i
—— T——¢——v T T -ttt " H ] ++ 1+ HHHTH T
' Lil LTI Ll | ) | WL il | 1111 I LT LU i [
1 a 3 5 e 7@ 0 10 x> 30 40 ®O €0 T80 8000 200 s a 5 &6 7T O ® 1

BATTERY

VOLTAGE

39

(Vours)

e st st it bl

st




ﬁ e
= H SE=S e
HOHO L bt H
A == === IRRE==ES -
= Gt EEEEEE qr
= EEES H T bt =+
=33S23 i SESEES HH -
T b o : =< |, =
=ES== = s= == |ur|.W”..... =
m 13358 EEESE=3 2212328 33 == HH ==
E < m H- -. g = = = HH .nl ....“ -
H 1 e + - T 1 5 0 o o
+ X o cytem = 1 - | 4 -
w IHH sau. i ? 1 +t fwrlr “: 1 i ”
s ST ; o~ I tes ama =
7 g HHHHH NG ; il HHTH e
X it 110808 B80S . AL ] A1
! 17 LT : IAEEH] TEARREENEY DR
N 3 T | H i
it “ T H 1A i I T !
W iitiitiseeia i

i

it
5
:
!
TR
L
il
£
4o d ot -
:
:
¥
£
T
1}
-
T

== s
1t - T
i ' it

sass

a5 H 2333 F 1 = ] 3 ESE: H -|
H s s EH s
i3 by +4 H === —

i
e
T
Ay 49 O @ 708D 0 WO

T

[ R s
e
+
1
|
—
1
+
i
1
i

(67 WAT T- HOURS AT

=
!
I
b
85,
‘.

T
¥
T
T

GLULATION T18%
' =
: i !
NN
|1'm%
)

JTPUT .

-
[ ]
i
HH - tq .
i $3E3 { : fiissssszaasooe Ly
13 4 § L =

4 .w t = = L]

H e t = :
Nu; % 1 T : R i i,

= - it =

‘"
T
=
T
'
I
mr
-

L BRRAESRTNS

TT
R .
-
-
—
T

BATTERY
VOLTASE

)i

1l

b L "

listsganEsg _ , HHTHT ,.H,‘..“ruw
I @ f LT ﬁu.ﬂ“ [T gl L1k . b

-

(SWwu9) LHOEM  LININCIWOD

STIDAD _EfI-T EXE DIMHLIEVBO TN EEMLITE
ANYIRMOD LSO« WIINIOBEI

(VouLTs)

/7

VOLTAGE

BATTERY

Lo




[T WATT- HOUDRS AT 2KILOWATTS

EBATTERY OLTPUT!

REGULATION: 5%

VOLT AGE

SSSS=E 3 =
$g §i3FESISSSE siiisassss SRS Sl
SIEESEESS: T T r
11t - - SRR ARRRS B - - - - ——— -
ESSSS T ==N
s328=3 »
= ES=S= ul.H : = =S=E=== A
H 1t S S —n 3% I2EE=.
iiiciEEEEES + i HIFFEEEE Eifi iEEEEEEsas
-+t HH it SESEE . E SEEsssS S oEE
T i HH i HE
33335 H-1 SoSEE S
. NE il o EHEEE
H - o i i b Sy - I e 5 B (I,
444 = b = 44— 4 ..L!..IiArHW o
HH T H 1. H 1 E -
LU .‘*.T B ._wuv.rmuf.;.. L
ol T H T _ 111519) BREGE HEEI
et . } . | t 4+ R R
e i - . 4 8 DI 4 4t
| | I i T | .
ftt i 800 108 §
T HH i ¢
= g == ] ¥ - »
FF H }- o + : =
: SSE=S3 i ff L. £t f H : EN
= == HEHHH i | 7 .
: = Hit i - HH 1 g
= ;| = sudl I
E= = fIFEFISESE { HHEH - c
g HT il 3 == } SEESSSEEE 8
H ssSS3==S=13 i HHHH £ SESE= I =Em=E=EE
- 11 3 AR
o D G = 1 ada@E 1] T S D D S
i ESss= : HEE f b o
{ p+ # 4 11 1 1 “
11315 1 [ITETL = 1 1 Trrl
i — 4 3
1l | HEEEB® I : ] T
i | TLI 1 i B 84 N ]
| d sneE i i [ siaignes i T
A 2 ! +H4+H J L I
l.JI | i 3 i il H!_v rlﬁl;
i | X [+]
FEzEs==3 BE: EE==1 .
] t 1 ST
H sS=ISSS = = H ¥ EmmmE ==
i FHEE m i - i == = r
mm ss - 3 1 8 4 i - ..I..F °
iiji T } i ] { i ESEESESY
- - G A -
= E == L/
HH H 3 1 sE=EEESE=SE=S
=+ 1 =1 T = e
i g8 $ HH E===:
1 - H t ®
T it
HHH
H e F = i
t s . L i
- v N
T 1 _ I i Hit
i a8 i i . !
|
L 1 m ' ._
. t 1 11
. . ++ 1 tH HHH i
1 i 1 R | | | i _ 1 FREE
U Tl I [ [T 1isE8 -
L] N L] - o8 0 © 0 L L] o ~o®r~ 9o N -

(sN) BWOIOA  LN3NOIWOD

SITIAD _Z/WZ EXE

DINHLINYDOT- 1IN CEMLITE
ANYAWOD 150d MD1W3a3ud

VOLTAGE  (VoLTS)

BATTERY

L1




AT 20 KILO WATTS

-~

>

~ 0%,

1

1670 WATT-HOUR

.
A 3

VOLTAGE REGULATION

BATTERY OUTPUT

S=S= fiizgsz: E=S== ®
o T T ISi3E SR N BR BB g -
- SRS2ERS i iisssss=Ems - .
3 53 = == EES=11
: ok
r b !
i T .
—+— .__
| ﬂ ++
| Ji | [
335553 +++ m
S5Ez= ®
i iii ¥ ]
i - £ g
1l 23 4 H e i 3 <]
i3 i SEzagEmEE o sl AT S8R t K
s sHiHas .|L : T H] il 2 3
{ijIjISEEESEEID 0 mmniy ; ¢ T
<
i : g
i E |+ Pl w \n./m_
] HGEE s IBS o
T e g
- 1 +_ 1 1 J
»emE- = Q
IBaRES' H >
..r.g...: 4 L 1 M H .“ W
i FSESS
3 g S8 i (1 Vl
' s i3 H i - - - (S R
: 522 = T ¥ ¥ H w : E3383 _.|.|..|. E
HEEHIT F Hi i i B [] —.v”
3t 3= t 1 g : =0
g 1" <
: T T
- ]
Hi i 11 iF 23 ] | |
H H 114 VT H "" 1 ~
I EEF R it ) L !
i . 1 + 4 1 . 4 1
sRERERAS SRRRRERE ittt il i 34
b E ! 14 H + et ¢ +
i I 2088 _ o et et
I | [ _v_ [T _ [ ] ﬁ g8 i i : ...llrwl

et ~ ® B v n 3 -

(SWw¥9) LHOIAM  LNINOJIWOD

$31DAD Z/1-Z EXE  DIWHLINYBOT-IINS  EEMLIZE
ANVEWOD LSO« JINIOTM

e L TV O SR TR U S Suhe 2t Sttt S e T o 2 B S LV SGUP L T I WP N =

.
— . T . e =S e — e s e ————— 1




1670 WATT- HOURS AT Z2O0KILOWATTS

VOLTAGE REGULATION ' 10

BATTERY OUTPLT!

e — . !
. T
- - - —_ —— - - s s e - _— - - e i . . - <
i
— !
i == =L ...“
$IIIISRE =S H SIESESSSES B Hil EEERSSEE] ) i
ESEgaE H < -+ S e S=== =[S i
Fifit T S SRR e jszs=s=l :
ESESH i
= EIERE R 3 —— P i
E5S5=E fHIEEREESSS] FHEEEEE E=
e 238 SEEEE=E SE=== =L ¢
Ssi13 e i b
. H SEESEAS i 1 HEH : 1 _
- - i - r m
_ §SE58! i BEE i G R _ :
' (11] L i 1 11 i ." ____ |
it {5 B e o h i T
i HHHHT i H m e aiet b
i 19SS SENEE O g g RE NSNS _ 88 i SR R EERAE 1D = P
il HEEEE AR BHERA . b B DOASA 1118 m
Hiljjiassgesy e 8
jEREESEESES JESSESES § s=css==LBN®, .
iR : : . 3 i ESSSES=H b ,
WH SSSSE=s H Hiti i+ HHH T M R L N i
1 ERE :“ ||||| Y -0 |||... ...l. m*nnr m- rv +H Wt - = W :
= - - Rani it e e " ‘b 1 FETTT =1 3
BEE SSS=S Sscszg==L _
..... L - S L H e ¢ |
£ s T HEH A = : . w ;
a - = —— H .8 HH - I I
ot H =282 it - e = —=— 9 J :
i : iS5 <SSSS 3 = _.m G m
4 b S o = T — =
1 o418 i G i H-H 4 ! 8 150 5w S ) e L
w HE 11 -m erer “| 3 |[lm
i - 1 i —HH ] o
1 SENEENS Al o Eaame > :
T B it ]
[ ] . 18 [
i | “w L] I [ >
szzzies = m
1 T ..mmm, S§3888ES § I i i = i
i iEagEssss WiililiisaEEaEEas k= “
i i £3881 fHHH HitH T i H q
=1 sgEEgs ©
: - 1 i E == L
1 ”
H PP L T e = =
; t = i 1 H aemmmm: H .
] 888 8 - 1 L] saaEe + 14 =
+ 4+ - ST = = ¥
k. R i ™ = e : . .
| T T R S SNESEES |
T + “ v ._...r.__y +4+1 1t { w | 1 ___“ + #;‘;JL
ca®r o ® r.w:._.. : v H..t._“ W‘E .@.r.. g e Y s : o« -

(¢N1)  AWNTON  ANINOLIWOD :

SIIDAD Z/1-2 €XE SIWHLIEYDO-I1N4 €ENLIZE
4 ' ANVAWOD 150d MDIdIQBuA




ZOKILOWAT I

1670 WATT- HOURS AT

v
.

ouTPUT

GBATTERY

P gl e

*+15%/

VOLTAGE REGUL-ATION

e . . = = o
SEE=E T Hr 1ESSE2ZSS=SS i3 s H 1118
: m e Sae - e - sissiisies Sass N
B EE==SS=S= it HE T ER
= SIIEERE = 3 ®
HHITTH H i 1 i 1
= E = L]
s=s 3= ¥ - T s
EH = g T =
- — t i H..I. st lu i ess s - = -
- ;s = Tsvasnas
i 383 I
HHH T 1 1 ;=" - e
1 21 ¥ -
‘8 -
B 2 = oo 1
1 = = L SIS
i T T T AT
1 @ \ et HHHH
_ = e T
T Rl T
. e
bbb oL
1VW L 4 i L
1 i L
1 .T { .._.5 1 Ht
Z2=3 ﬁm.u.u.. s Ny
- 13 - H (%““ “I HIH - ¥
33 EE=S== 3 3B
tH - — e 58 1 1 sEEEEEtHE +
i i 3 BT
T Pttt HiH e ; i1 Ht
iiszsss
=3 u*.l.u £ HiE i
5EE) i HitH i,
: SSESS=mi H e 13
: i 3
S5S5ESE: : §3388 Bl i citss, i : ESERE
3 - i b 1 e 1 1 =
=t f == il Hthih iifiissssanonmma PN
= s b -
1 I o ol 11111 ¥ 1 = mmammm L
= 1 i - i I - T H]
BEREMS ] “. 1l ” 1 {.4.. 1 L
i : ] T 58 53 B
I 1 i 1 eg ey
il 11 B v il ] { B O ) [
- 444 i P ri i _. __: | 44 Hl[.ﬂl
T T m
=3 = S siiiz + ={}
EEEEEE 33 IR B HE § ESSEES L
SE= 3 m Higi52 75800 SRMMM 12 uhaint i = .
T oA S3SSSEEEEE
SRS ﬂ 4 g gs2222s =
= 4 h ds38s =
ZS=ES=s 1 ESS=
- -
§238 i R e
SESE=S i3 L HEHHH 3SS===H
3 3 I.u.,.r[ gea g s H 3 3
+ e AR - -
i HHEHH T HHH it SEESE=S
H ] + - T ===E H 3 3 ==
$S33SSEES S i s838! e
1 | 1 " 1 - L]
NNERE Ul H 1 { 11 11
; H LI 1 Ay —
I I H| T P EEDE WS
1 1 HIKIH o i I1
NN ] -.M- $iE 1T ]
1 1 1 1 T 1
H e fotd4 b4+t _. ...r+ gy +
IR HH . +— 1 4+ 44+ +—
4 + \v.._.. fw - - - H ..i; HH ERETIREE RER L4y .r
i R IRITITTg [T
< ® r © -

(swvu9)

et  wieget a s

AHD13IMN LNINOIWOD

[Tted 2 N o PO Tk~ e AT U LPRE LT S X WO ST

P

STIDAD LT/I-E EXE

DIMHLINYDOT-TINS EEMLIZE
ANYdWMOD LS0<d WOINIOIMA

(VvoLTs)

BATTERY VOLTAGE

Ly




(6TO WATT- HOURS AT 20 KILOWATTS

CLTPUT

EATTERY

-
H : o
: = i i »
i i i SSE=
HHHHHE H i Hi EE=Eid
E £ H 5 ]
: $3i33s2 H mm H H +3
mm : : EESSSS i E ]
: H 1 - 1
H £ 2 =
1 98 H -
i H
: iz = i i i ee =
1 i i ] 1
1 ! 1 - )
! _ ! ﬁ ;
1 rLl = _ m s e ! T
. LI ! ; , $
: g = H g
i B HHH | i - Q
i i e i : ,1“
EHHEH nm £ =3 i | g RisiE if : '
T = - Hiai i i ; +
: H =1}
i = g i ; e it =9
S t H SSESES 3 sigiiit ¢
0 . i e =
v : i i e
: =+ i A ?
N 1 ] 1 e 1]
D 4 i
O NEARE Jhlintl
ot _ | H Ra 1 s
M s H i 2
) g i iii H 3 i i H s
it HiHE ===
2 nm 3 i $SSEESESEE. iy =g
f-u : HHHHE S = 1 & EESESS i H t R ==hy
w S S5 v ESSES: T Hi ESN
R I 1T {1 333 nvxl H pansy -4 s
i i : S {iIE3EESEEES HiEiEEEas 5=
w H i EEESE== i nm HE o
G : : HH i S t
- H 1 - L]
M ; 8= HHIE i
3 iEEE e g e i
O mh ] T BESE Wi T T =
SASEENE e ~ Wy H 1rii 1y H a8
> R it T Wm
“ [ -
1 hsesge il UL T
i - ,I,Jh 1 g ;T‘ﬁx +H1 ,mlllTv
- - - 4 . 4 -4+ 4 = = -
i TR i 1848} iis i}
oOo0o8® N © [ ] < - L e r o o < L] L. ] -
.Amz.w AWATOA 1 NINCAWOD

$IIOAD 2T/ T EXC

DINHLINYDOTITIING

CEMLIZE

(voLTe)

VOLTAGE

BATTERY

b5




APPENDIX II

(Battery-DC/DC Converter Study: Technical Program Plan)
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BATTERY-DC/DC CONVEKTER STUDY

PROGRAM PLAN
MISSILE POWER SUFPLY CORVERTER

Component_Study
1. Survey tranaistors

Goal - Selection of Transistors with Parameters which are

a)
b)

c)

d)

suitable for application.
Preliminary Specification Generation
Vendor Survey
Data Analysis
1) wt/vol
2) Switching Speed
3) Losses
4) Trade-offs
5) Reliability-Stress Analysis

0ns
&
jurvey

Selection of Core materials which merits rfurthr -
ir, ctigation for application

3 ary Specifications with Assumptions
~ Survey
ata s Lysis
i) o014 Factor
2) Losses as Function of Frequency
3) Weight/Volume Data
L) Cross over Points

Selection of Materials

L6
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Battery Analysis

Goal ~ Definition of Battery characteristics related to

a)

b)

c)

system application

Preliminary Specification Review

Data Analysis

1) Electrical
a) Voltage
b) Activation
¢) Impedance
d) Regulation

2) Mechanical

a) Weight
b) Volume
¢) Cc.figuration
d) Terminals
3) Thermal
a) Internal
b) External

Trade off Studies

Transformer Construction Study

a)

b)

Weight and Volume

1) High Altitude

2) High Temperature

3) High Vo'tege

Determine Optimur Dimensions

Evaluate Ccastruetic» Teen. ques
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Task II - System Study

1.

a) Bsattery Voltage vs. Circuit Approach
b) System Weight/Volume Trade-offs

1) Efficiency

2) Thermal

3) Reliability
Conclusions
a) Battery Size vs. Power e)
b) . Battery Size vs. Voltage f)
¢) Converter Size vs. Voltage g)
d) Converter Size vs. Input

' Voltage h)

-Analyze Circuit Design Concepts

General Applications

a)
b)

c)

Camponent Evaluations

Design Procedures Methodology

Families of Design Curves

48

Aok

Converter Size vs Efficiency

Converter Size vs. Frequency

Converter Size vs. Temperature

Limit

Converter Size vs. Power

Output
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BATTERY - DC/DC CONVERTER STUDY
TRSDF-OFF AND INVESTIGATION PHASE

TECHNICAL PLAN

1.0 .Transistor Survey

(a)

(b)

(c)

(d)

(e)

(£)

Objective: To determine which transistors currently available are
most suitable for the application.

Approach: Using preliminary specifications as a basis, select as
many transistors as practical which meet the requirements for the
missile power supply converter application. .Conduct comparative
analyses of transistors selected to determine which transistors are
most desirable. for applications. Order samples. Test samples.
Recommend according to test results. .

Research Procedures: Conduct "state-of-the-art" survey of several
transictor manufacturers. Conduct an analysis of transistor samples;
compile data on the following tramsistor characteristics:

(1) Weight and volume
(2) Losses vs. operating frequency
(3) Reliability versus stress

Conduct trade-off studies between all transistor samples to determine
the most desirable transistor(s) for the application.

Test Procedures: The following parameters will be tested for each of
the transistor samples:

(1) vVce (sat)
(2) nFE

(3) tan

(4) t off
ete.

Anticipated Performance: Utilizing the information obtained from
transistor manufacturers and tests, the design constraints imposed by
transistor selection will be ddtermined. The effects of these con-
straints on system weight and volume will be analyzed during the sys-
tem study portion.ef this program.

Milestone: Prepare data describing tlose transistor types capable of

meeting all requirements of the missile power supply converter applica
tion. Prepare the data In a form which can be utilized in the systen
study portion of this program.

»
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2.0 Core Material Study

3.0

(a)

(b)

(c)

(d)

(e)

(£)

Objectives: To determine the effects of core material selection
on the weight, volume, .and efficiency of .the. converter power
transformer and to determine the optimum material available.

Technical Approach: An analysis of core material characteristics
to determine the effect of material selection on transformer weight,
voluze, and efficiency will be performed. The results of this
.analysis will be presented by curves describing weight, volume and
core .loss as a function of operating frequency.and power handling
capability.

Research Procedures: Conduct a "state-of-the-art" survey of core
material manufacturers to select the types of core materials which
merit further.analysis. Test samples of each. core material selected
to obtain data not readily.available from the vendars.

Conduct trade-off studies to determine the mdst suitable core materials
for the missile power supply converter application.

Test Procedures: Each of the core material samples will be tested
to obtain data not readily availeble from the vendors. Test pro-
cedures will be written after vendor survey and analysis is completed.

Anticipated Performance: Using the data obtained from the vendors and
tests in paragraph (d), the most desirable core material(s) for the
missile power supply converter will be established.

Milestone: Prepare data describing those core materials most suitable
for the missile. power supply converter application in a form which can
be used in the system study portion of this program.

Battery Analysis

(a)

(b)

(e)

(d,

Objective: To determine the factors affecting battery weight and volume
when ~nalyzed in terms of system requirements, and to reduce these data
to & m usable in the systems study portion of this program.

Approach: Analyze data sup,-'ed by Yardney Electri- Corp. and reduce to
curves of battery weight and \ .Jume versus W-H : .ing and regulation
requirements.

Rese. b ™ ~dures: Not appl! .able; research w!.. be performed by
Vardney ..ie Corp.

__ _Pocedures: Not __.icable; tests will be performed by Yardney
Electric Corp. '
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(e) Anticipated Performance: Utilizing the results of the analysis, data
. will be presented in a form which will be usable in the system study
portion of this study.

(f) Milestone: Document formulae and prepare graphs of the results of
the battery weight and volume study.

4.0 Transformer Construction Study

5.0

(a) Objective: To determine the effects of system requirements on trans-
former construction technoques and how these effects are reiated to
transformer weight and volume, and to present these data in a form
usable in the system study -pertion of this pregram.

(b) Approach: The effects of high operating voltages, high temperature
operdtion and. atmospheric pressures characteristic of re-entry ve-
hicles qn.the .construction techniques required in.the transformer
will be determined. These data, when combined with the data gener-
ated during the core material study, will provide trade off data of
transformer weight and volume in a form usable in the systems study
portion of this program.

(¢)  Research Procedure: The design. constraints imposed by the opera-
tional and envirommental conditions on the transformer design will
be evaluated in terms of insulation requirements. . A suitvable wind-
ing insulation material and transformer construction technigque will
be established.

From these data a realistic winding factor will be determined; end,
when combined with data generated during the core material study,
will provide transformer weight and volume data in a form usable in
the system study portion of this program.

(d) Test Procedures: Not applicable to this portion of the study program.

(e) Anticipated Performance: From the data obtained from the studies, an
optimum construction method for the transformer will be established,
and welight and volume data will be provided for system studies.

(f) Milestone: Prepare document of results of analysis, with recommende-

tions for construction techniques optimized for the application,. :nd
provide weight and volume data in a form useable in the system design
study portion of the program.

-Analyze Circuit Design Concepts

(a) Objective: To determine an optimized missile power supply converter
circuit configuration and battery combinat:on for the application.
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(b) Approach: Utilizing the date generated in the components study phase
of this program, weight, volume, thermal anelysis and reliability
studies on specific battery-converter combinations will be performed
to establish comparative data for the specific design approaches.

(¢) Research Procedures: Conduct weight, volume, thermal analysis, and
reliasility studies on specific bgttery-converter combinations and
determine the .effects of varying battery voltage, operating frequen-
cy and converter efficiency on the overall system design.

(@) Test Procedures: Not applicaeble to this portion of the study program.

(e) Anticipated Performance: From the.date obtained in this systems. study,
a recommended. circuit will be established .for development in phase II
of this program. In addition, a design procedures methodology and
families of design curves applicable to systems of different require-
ments will be established.

(£) Milestone: Establishment of a recommended circuit for development dur-
ing phase II of this program and a design procedure methodology in-
cluding curves or formulae describing the following:

. Battery weight versus W-H rating and regulation
Battery volume wversus W-H rating and regulation
Battery weight versus terminal voltage and regulation

..Battery volume versus terminal vcltage and regulation
Converter volume versus battery voltage
Converter weight versus battery voltage
Converter volume versus operating frequency
Converter weight versus operating frequency
Converter volume versus power output
Converter weight versus power output
Converter volume versus output voltage
Converter weight versus output voltage
Converter operating temperature versus converter size and

operating time.
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SECTION I

INTRODUCTION
This report describes the results of studies performed by Honeywell
Ordnance from April 20, 1966 to July 25, 1966, to develop a design
methodology for a missile power supply. Batteries and converter-
regulator and battery combinations were investigated and evaluated.

This program has the following major objectives:

' - Development of a design methodology for a highly reliable missile
power supply for operation from a silver-zinc battery source.

- Development of a reliable method for accurately determining the
minimum weight and volume of the missile power supply.

To meet these objectives, the applicability of the following systems and
techniques have been studied and evaluated.

= All loads serviced by a battery directly

= All loads serviced by a solid-state dc/dc converter operated

from a battery source

- A portion of the load serviced by a battery or batteries directly,
with the remainder of the load serviced by a solid-state dc/dc

converter.

In general, the missile power supply is characterized by a relatively high
power output during a relatively short, one-time operation. Accordingly,
this program includes studies of the effects of relatively high frequency
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operation, boil-off cooling, high quality cores, and the effects of

overloads in a power supply of this type.

The design methodology is sufficiently generalized to be applicable
to other similar systems of various power levels, voltage levels, and
load transfer durations.
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SECTION II

TECHNICAL DISCUSSION

1. BATTERY WEIGHT AND VOLUME ANALYSIS

During the report period, data were obtained describing the weight and
volume of batteries with conventional (individual) cell construction.
Formulae were derived expressing the weight and volume of the batteries
as a function of nominal battery terminal voltage, watt-hour rating, and
percent of regulation.

The formulae for battery volume are:

Vol = 0.28 inches> x V + 0.72 inches® x R at £ 5% regulation
volt watt-hour

Vol = 0,28 inches3 xV + 0,62 inches3 x R at £ 10% regulation
volt watt-hour

Vol = 0.28 inches® x V +0.53 inchesS xR at  15% regulation.
volt watt-hour

Where: Vol = Volume of battery in cubic inches
\' = Nominal battery terminal voltage in volts
R = Battery energy in watt-hours

The formulae for battery weight are:

Weight = 0. 006 pounds x V + 0. 042 pounds x R at £ 5% regulation
volt watt-hour

Weight = 0.006 pounds x V + 0. 0345 pounds x R at £ 10% regulation
volt watt-hour

Weight = 0.006 pounds x V + 0. 0295 p. 'nds x R at £ 15% regulation
volt watt-hour

-3-
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Where: Weight
A
R

Weight. of battery in pounds

Nominal battery terminal voltage in volts

Battery energy in watt-hnurs
2. CORE MATERIAL SURVEY AND TRANSFORMER ANALYSIS

Letters of inquiry were sent to six core material manufacturers request-
ing data and recommendations appropriate to this program A copy of
this letter appears in Appendix D.

Arnold Engineering did not recommend any of their currently available
core materials, but stated that production of soft ferrite cores which
may be suitable has just begun. These cores will not be available until
late fall 1966; engineering data are niot available at the present time.

Indiana General recommended their 0-5 ferrite for the power transformer
and C-2 ferrite for switching applications. Data sheets for these materials
were supplied.

Allen Bradley recommended their R-03 ferrite core mailerial, and sub-
mitted data on this material.

Magnetics, Inc. recommended 1/2-mil Orthonel for use at 20 kc, and
supplied data on this material.

Fer:roxcube did not reply.
The data received from all manufacturers were deficient in core loss

information at high frequency and high temperatures; however, this infor-

mation is more complete for the ferrites than for the tape-wound cores.




A design methodology was developed for comparing core materials and

determining how the system volume is affected by adding a transformer
to the system.

Formulae were derived expressing the increase in system volume
resulting from the addition of a transformer core and the increase in
system volume resulting from the addition of a transformer winding.
The derivation of these formulae are presented in Appendix B. Using
these formulae, a Honeywell HRC-400 computer was used to generate

the data that was then used to develop the curves presented in Figures 1
through 25,

The formula expressing the change in system volume resulting from the
addition of the transformer core is:

, [2.94x10% B 3/

8 o\ 3/4
AV, = 4.55x10° Lt B .

1 Btf CLl

where:

A V, = Increase in system volume (in cubic inches" due to the
addition of the transformer core

B = Battery volume constant, inches3
watt-hour

t = Load duration in seconds
f = Frequency of operation in cpr,
CLl = Core loss in u watts

cm  cps
b = Flux density in lines

inches2
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S = Core stacking factor

P = Power input to the transformer in watts
J = Current density in the conductors of the transformer
inding, i
winding, in :252:88
K = A winding factor expressing the ratic of conductor area to

window area.

The first term on the right side of the equation, 4.55 x 1079 Fit Cp .

[2. 94 x 108 P} 3/4

» defines the battery volume increase required to
‘sfugi K4, . 8_13/4
1y the losses of the core, while the second term, (2. 94 x 10°P
f8SKJ 4

defines the volume of the core.

Since the power input to the transformer, P, the current density, J, and
the winding factor, K, are determined largely by factors other than the
transformer core material, these terms were transposed to the left side
of the equation, as follows: '

8143/4
KJ| 3/4 - -9 2.94x 10

. [2.94 x10° 3/4
f8s
8\ 3/4
3 -9 2. 94 X . . d
The factor 4. 55 x 10 CL1 (—fsg-————-) , with dimensions of

watt-hours, is proportional to the power dissipated in the core. This
seconds

factor is plotted for the Allen Bradley R-03 ferrite core material in
Figure 1, and for 2-mil Orthono] in Figure 2.
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Multiplying this factor by sgecific values for B and t, as determined by
the battery constant and load duration, translates this family of curves

in the vertical direction.

8 |3/4
If the term 2. 9¢ tlo

asymptotic to a linre described by the formula:

(% 304 4y . (2.94x108) R
1 |TTEE —

Where:

is then added, the family of curves becomes

A V1 = volume added by core, in cubic inches.
With B equal to 0. 53 and 0. 62 for battery regulations of 15% and 10%,
respectively, and t equal to 45 seconds or 75 seconds {from the specific
load durations defined for the system), a series of curves were plotted
for R-03 ferrite, 0-5 ferrite,2-mil Orthonol, and 1-mil Orthonci. These

curves are presented in Figures 3 through 18.

NOTE
Three different constants, 4. 55 x 10-9 chl’
-6 -3
4,55 x 10 ~ Bt CL3' and 7.87 x 10 CL2’

appear in the formula presented in Figures 1
through 18. Thus, the formula is expressed
in three different ways, with the change in
constants resulting from the manner in which
the factors describing core loss were inserted

into the formula.
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Assuming that no heat energy would be lost from the core material
thrcagh radiation, convection, or conduction, the foliowirg gereril
formula was derived for core temperature rise (A T)

- -9 1
AT = (4.55x10 fCL)C;.' t
Where:
CS' = gpecific heat of the core material, in watt-hours

in. © °C

The rate of temperature rise, -At—t , versus the product cf f 8 iz plotted
for R-03 ferrite in Figure 19.

The following expression was then derived to determine the intreasz
in system volume, A T2. due to adding a transforme: winding.

10 8

_[t1.08 x 1071 T, +2.53x 1078 ¢ s 2.65 x 10°P)| 3/4
ok 6, 3 BK SrssoTR—
1-.00696 x 10" t J
4
. [2.66 x 10°p B
“fBSJK
Where:
T 1 Initial winding temperature, in °C.

This equation, the derivation of which is presented in Appendix B', assumes
that no heat energy is lost from the winding through radiatior, ccrduction,
or convection.
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AP J P K, v = . - -

Since the factors, f, 8, and S are largely dependent on the core material,
and since the factor P is dictated by the application, these terms were
transposed to the left side of the equation, as follows:

(1. 08x1010T +2.53x 10"3 t 32

f8S|3/4 | 1

| AV, = ) BK
1- . 00696 x 10 %t J

2.66 x 10° | 34 [2.66 x 10%) 3/4

With T1 equal to 65°C (maximum specification requirement), B equal to
0.53 and 0. 62 and t equal to 45 seconds and 75 seconds, a series of graphs

of E(T—f : Sl 3/4 A V2 versus J were plotted. These curves are presented
in Figures 20 through 23.

Again assuming no heat energy loss from the winding through radiation,
conduction, or convection, the following general formula was derived to
describe temperature rise in the winding.

| +1630) 72t
10° - 6. 96 J° ¢t

AT =(6.96T

Curves of A T versus J for t equal to 45 seconds and 75 seconds, and

with T1 equal to 65°C, are presented in Figures 24 aad 25.
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3. TRANSISTOR SURVEY AND ANALYSIS
a Transistor Survey

A letter was sent to transistor manufacturers requesting their recommend-
ations for transistor types which could be used in a high-power dc/dc
converter. A copy of the letter is presented in Appendix D.

Replies were received from Delco Radio, Continental Device Corp., RCA,
Bendix, and National Semiconductor Corp. Continental Device Corp. does
not make a suitable transistor. National Semicondactor Corp. has a fast-
switching silicon transistor, but its current carrying capability is so low
that it could not be used ia high power devices.

The pertinent data received by the other four manufacturers are summarized
in Table I (where there are blanks, the manufacturer was unable to supply
data). These data are from specification sheets, and do not necessarily
represent the values which would be obtained i n a converter circuit. For
example, the switching times can be improved by switching 2nhancement
circuitry. Also, some of the higher-current transistors may be used
somewhat below their maximum collector current ratings, to improve
VCE-{SAT) and switching times.

The RCA 2N3265 looks promising for high-power duty because of its
exceptionally low VCE (SAT) for a silicon transistor. RCA did not suggest
switching enhancement circuits, but the ''typical" specification sheet
values appear to be very good. The 150-volt. VCES would require opera-

tion in a bridge circuit if a high input (battery) voltage were to be used.
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TABLE 1

SUMMARY OF TRANSISTOR DATA

TYPE

MATERIAL

{VOLTS)

CELSAT?
AT}

r
{us)

s
(uS)

{us)

h“M 'C

SILICON

g

STVATISA

Qs

L5

s

S AT LA

820X

QEV AT A

7.0

40

25

20 AT 20A

SOLITRON

28151

SILICON

1.3V AT 50

10 AT 50A

SILICON

8|8 &

LOVATISA

21

2.2

Lo

10 AT 10A
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The Bendix 2N1653 is the only germanium transistor suggested by the
manufacturers responding. Although the 2N1653 has the lowest VCE(S AT),
it also has the longest switching time. Therefore, it should be considered
only for comparatively low frequency operation. The lower temperature
limit for germanium transistors also limits its use to a relatively short
mission time(in the order of a few seconds); otherwise, the transistors
will overheat. The low collector voltage rating will require bridge circuit
operation when relatively high battery voltages are used.

The Solitron 2N3151 has the largest current-carrying capability and a
reasonably high fT. Switching times were not given in the specifications,
but should be comparable to the other silicon transistors in the table. The
VCES maximum of 150 volts limits the application of the 2N3151 to bridge
circuit operation, as in the above two cases. The comparatively high
VCE(S AT) and low gain at the characterization point of 50 amperes collector
current suggests the use of this transistor at lower collector currents,
perhaps 25 amperes. The case size of this transistor is larger than the
previous three, which detracts from the advantage of a high current rating
when total transistor volume is considered.

Delco Radio recommended a high voltage silicon transistor, the 2N2581.
This transistor appears to be particularly attractive at high input voltage
levels. Among the responding manufacturers, only Delco recommended
switching circuits, and suggested switching times which could be achieved
in a high power level circuit. For this reason, the 2N2581 characteristics
were used in the following examples of transistor loss calculations.

b. Transistor Analysis

Presented in the following paragraphs is an aralysis of a suitable transistor
for an 8. 2-kw converter for the missile power supply. This analysis

-37-
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examines the relationship between transistor power losses and transistor
parameters. There are two categories of power losses: switching losses
and conduction losses. Switching losses are related to three components:
rise time (tR), storage time (ts), and fall time (tF). These components
are illustrated in Figure 26.

By using equation (4) from Appendix C, and by substituting the values
given in Figure 26, each switching power loss is calculated as follows:

The rise time switching loss is calculated as:
Po. = ft; [ @via.+o0+Ll (0+0)
RT R |6 S'S 3

To simplify the equation the rise time switching loss may be calculated as

v
} sls
PRT - ftR. N (1

In the above equation, the values substituted from Figure 26 are:

(ad
it

1 ts

v, = 2vg

V. =0
y

I =0
X

Iy Ig
The storage time switching loss is calculated as:

t
_ 1 S
Pgp = ftg [g (O+ 2VSIS"_+__t T

1 ts
+ = (2V + 0)
mpaol R sls ‘—i_ts tF)
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Figure 26 - SWITCHING LOSS COMPONENTS
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P AT

To simplify, the storage time switching loss may be calculated as:

Psr = ftg [ Vsls (gt‘srq) (2)

In the above equation, the values substituted from Figure 26 are:

\' = 0
x
;= 2V ( 's )
s*ip
L °5
Iy = lS
The fall time switching loss is calculated as:

[1

t
= | 1 S

To simplify the equation, the fall time switching loss may be calculated as:

Vel t
= S's s ]

P = ft (— 1+2(—-——) (3)

FT - "F |73 [ e

In the above equation, the values substituted from Figure 26 are:

[ad
i

t

1 F
t

\' =2v‘s )

x S|-S—r
st i

vy = 2Vg

I, =13

I = 0

y

-40-

e et e

iy e



The switching losses defined by equations (1), (2), and (3) above are
combined as follows:

Psw = Prr * Pgr * Ppr

Substituting from equations (1), (2), and (3);

[l e Pkl oo 42

kel

The combined switching losses may be simplified as follows:

o 10 {18+ 8] 9 [ [l

Thus, the total switching loss is directly proportional to the converter

oscillator frequency, the battery terminal voltage and current, and the
three switching time parameters. As shown in the preceding example,
equation (4) will assist in selecting transistors that will minimize these

power losses.

Transistor conduction losses are comprosed of two components: ''on'"

lossies and "off'' losses. Assuming operation at saturation, the 'on"
loss is:

Pon * [ ceiAT) st VBE ( )] ()
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Similarly, the "off" loss is:

Porr © (2V51co* VERO IEBO

Combining the two conduction losses and averaging:

_( Pon * FPorr )

Poon © 2

Substituting from equations (5) and (6):

Pecon

(6)

=[VCE(SAT) Is*Vgg ( ;s—- )]+ V5 Ico * VEBO lEBO

2

To simplify, the total conduction loss may be written as follows:

VaE
LrE

Pcon =[IS [VCE(SAT)+ )] * @Vgloo* VgRo I15:130)](7)

2

Combining equations (4) and (7), the total average transistor power loss

is:

P

T(AVG) CON

Substituting:

TR
Priave) © fVs1s ( 3

VBE

heg

v 5 [VCE(SAT) *

Vo[ te2 t
e (5] A
st iF

s
ts‘+tF

|

(8)

] +2Vslco * Vepo'Eco)

2
-42-

DN e S

.
N ———




As shown by the above example, equation (8) can be used to select a )
specific transistor capable of minimizing converter power losses in a
specific system.

As shown in Appendix C, any transistor power loss increases the
overall system volume by requiring additional battery volume to com-

pensate for this power loss; i.e., A V2 = (%W) PT(AVG)'

Figure 27 illustrates the relationship between battery volume, in cubic
inches, and converter oscillator frequency. A typical battery terminal
voltage (100 volts) and current (10 amperes) were chosen; the switching
time parameters for both light and heavy saturation operation modes
were taken from the 2N2581 transistor specification. Also, power

transfer durations (t) of 45 and 75 seconds were selected.

As an example of how the battery volume is affected by the oscillator
frequency, refer to Figure 27. A 25-kc oscillator frequency requires a
battery volume, per transistor, of from 0. 137 cubic inch to 0. 184 cubic
inch for a 45-second power transfer duration, but the battery volume
requirement is increased to a range from 0. 330 cubic inch to 0. 450
cubic inch for a 75-second power transfer duration. The precise :
requirement for battery volume, within the ranges specified in Figure 27,

depends ¢n the operational mode of the transistor. |

4, SYSTEM VOLUME ANALYSIS

Four power supply system configurations have been investigated with :

respect to battery volume requirements, as follows:

- A separate battery supplying each load independently. !

- A separate battery and converter-regulator combination supnlying
each load independently.

S R e S " E
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- One battery supplying the 6. 3-volt floating load and or.e battery
supplying the remaining loads.

- One battery and converter-regulator combination supplying all loads.
Using the formulae derived for battery volume, the volume of a power supply
comprised of sepzrate batteries supplying each load directly was calculatea.

The results are shown in Table IL

TABLE II
REQUIRED BATTERY VOLUME FOR SPECIFIED POWER SUPPLY LOADS

POWER SUPPI Y LOADS VOLUME OF BATTERY
SUPPLYING LOAD
DIRECTLY {cu. -in.)
+6. 3 volts, 10% reguiation, 9 amps,
75-second duration 2.497
+6. 3-volts floating, 10% regulation,
2 amps, 75-second duration 1. 930
+90 volts, 10% regulation, 15 amps,
45-second duration 35. 660
~3000 volts, 3% regulation, 1.25 amps,
45-second duration £75.600
-1500 volts, 10% regulation, 2 amps,
75-second duration 458. 700
+50 volt, 3% regulation, 0.25 amp,
45-second duration 14.12(
+10 volts, 3% regulation, 2 amps,
45-second duration 2.990
-200 volts, 3% regulation, 0.1 amp,
45-second duration 56.19C
TOTAL VOLUME 1447. 687
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During the course of another study we examined how a combination of

a battery and a converter-regulator would affect the battery volume.

In a battery converter-regulator combination, the battery would have

to supply enough energy to satisfy the losses in the converter. Therefore,
the energy term,R, in the battery volume equation becomes R/Ne¢, where
Nc = converter efficiency.

In a converter-regulaior, the output voltage can be maintaired within a
very narrow range while the input voltage varies over a relatively wide
range. It was assumed all power supply voltage regulation requirements
could be met in a converter-regulator-battery combinatior, with the
voltage regulation of the battery equal to 15%.

For each load requirement, a family of curves was plotted which com-
pared battery volume and battery termiral voltage. Each curve in the
family i5 for a different value of converter efficiency (Nc). The curves
are presented in Figures 28 through 35.

During a third study we assumed that two batteries would supply all the
loads. One battery supplied the 6. 3-volt floating load; another battery
supﬁlied the remaining loads. The formula for determining the battery
volume required for servicing the 6. 3-volt floating load is:

Vol (6. 3-volt floating-1oad battery)

0.28V + 0. 62R at + 10% regulation
0.28x6.3+0.62x6.3x2x75
3600

1. 765 + 0. 1625
1. 9275 inches®
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For the remaining loads the battery voltage would be 3000 volts, with
taps providing lower voltages. The battery regulation would have to be
equal to the minimum requirement of all the loads. The battery energy
would be the sum of all the load requirements, as shown in Table IIIL

TABLE III

SYSTEM ENERGY CALCULATIONS

LOAD ENERGY REQUIREMENT BATTERY ENERGY
L (WATT-HOURS)
6.3V x 9A x 75 sec/3600 sec/hr 1.118
90V x 15A x 45 sec/3600 sec/hr 16. 880
3000V x 1. 25A x 45 sec/3600 sec/hr 46. 900
1500V x 2A x 75 sec/3600 sec/hr 62. 500
50V x 0. 25A x 45 sec/3600 sec/hr 0. 156
10V x 2A x 45 sec/3600 sec/hr 0. 250
200V x 0. 1A x 45 sec/3600 sec/hr 0. 250
TOTAL ENERGY 128. 054

The formula for determining the volume of the 3000-volt battery is:

Vol(3000-volt battery with taps
for other loads)

t

0. 28 + 0. 76R at + 3% regulation

0.28 x 3000 + 0. 76 x 128. 054

840 + 97. 25

937. 25 inches®
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The total volume for two batteries supply. ig all the ioads :$ 23725
cubic inches pius 1 2275 cubic inches, or 538. 1775 cudic inches.

Finally, a family of curves were plotted tha! compared battery volume

and battery terminal voltage for different vaiues of converter efficiency
in 2 baltery-converter-regulator combination supplyving all loads. The

battery energy 1s the summatiorn. of all load requirements divided by the
converter efficiency. Battery regulation is assumed to be 15%. Total

load energy i1s 128. 054 plus 0. 2625, or 128. 3165 watt-hours. This

curve is presented in Figure 36.
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SECTION 1}
CONCLUSIONS AND RECOMMENDATIONS

1. BATTERY VOLUME AND WEIGHT

Battery volume and weight are d:rectly proportional ‘o battery terminal

voltage and wait-hour rating, and inversely proportional to battery
regulation.

e

In 2 system in which a battery supplies the load power directly, battery
volume is fixed by the load voltage, energy, and regulation requirements.

In a system in which a battery supplies the load power through a converter-
regulator, battery volume is not fixed by the load requirements, since a
given converter-regulator would be capable of meeting a given load re-
quirement under various conditions of battery voltage and regulation.

Thus, with the converter-regulator, battery characteristics are less
critical, and the battery itself might be chosen from a number of
acceptable types.

Faaein VTS e ——

2. TRANSFORMER CORES AND WINDINGS
An examination of Figures 1 and 2 shows that:

- The power dissipation in the R-03 ferrite core is less than the
power dissipation in the 2-mil Orthonal for all values of f and B

considered.

- The rate of decrease in power loss as core volume is increased
is greater for the 2-mil Orthonal than for the R-03 ferrite.
If larger core volumes had been considered, the power dissipation
in the 2-mil Orthonal would have beern 28s than the power

dissipation in the R-03 ferrite.
-59-
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- For agiven { 8 product (proportional to core volume), R-03 results
in minimum power dissipation at high operating frequencies and
low flux densities, while the opposite is true fcr the 2-mil Orthioual.
This indicates that hysteresis losses are predominant in the R-03
ferrite, while eddy current losses are predominant ii.. the 2-mil
Orthonal.

A comparative analysis of Figures 3 through 18 shows that:

- The use of R-03 ferrite as the core material would result in the
least increase in system volume, for the core materizl: and Bt
products considered. However, the loss data for the Orthonal
curves should be extended to the saturation flux density of 15, 000
gauss.

- As load duration increases, core loss at the point of least change
in system volume decreases. Accordingly, the transformer should
be designed for operation at a relatively low f 8 product.

- For a given operating frequency, a minimum charnge in system
volume occurs with ferrite materials. This minimum value dictates
the optimum flux density at which the core should be operated.
These graphs (Figures 3 through 18) must be expanded in the areas
of the minimum changes if they are to provide the most useful

information.

If the operating frequency and flux density are known (from the data in
Figures 3 through 6 describing the areas of minimum change for R-03
ferrite), the temperature rise in the core for any load duratior =u be
obtained from Figure 19. From Figure 6, the flux density -.t+ :h the
minimum change in system volume occurs is approximat - ¥  gar g

-60-
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at =100 kc and 3000 gauss at =50 kc. Examination of Figure 19 indicates
that the rate of core temperature rise would be greatest for the 3000-gsuss,

$0-kc condition, when LT is5.5X 10'z °C per second. Multiplying this
t

L T T

factor by 75 seconds (the load duration) shows that the total temperature
rise in the core is only 4. 1°C.

Therefore, if R-03 ferrite cores would be used, the temperature rir- in ‘
the core would be insignificant, and the effects of extreme temperatures on
the core material would be a matter of little concern. |

Examination of Figures 20 through 23 shows tha:, as expected, the

winding factor, K, should be made as large as possible. In addition, the
curves in these figures show that:

o o T St

- The optimum current density decreases as the winding factor
increases.

- The optimum current density decreases if either the battery
constant, B, or the load duration, t, is increased.

- The battery constant, B, has only a minor effect on the optimum
current density.

Figures 24 and 25 show that temperature rises in the winding as a
function of current density. On the basis of optimum ~urrent densities
of 800 at K = .7 and 1300 at K = .1 for th. *5-se¢ _.u load duration,
and 610 at K = .7 and 960 at K = .1 for the 75-second duration, the
following conclusions can be made:
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3.

The tempersture rise in a winding supplying a 45-second load will be
from 70°C to 300°C, depending on the winding factor.

The temperature rise in 2 winding supplying a 75-second load will be
from 110°C to 300°C, depending on the winding factor.

Since the winding temperature r.se and the transformer volume are
dependert on achieving the maximum winding factor, additional
effort should be expended in examining various wire types to deter-
mine an optimum wire and insulation material.

TRANSISTORS

Regarding a suitable transistor for the missile power supply, the follow-

ing conclusions and recommendations are made:

In generai:

A specific transistor f - use in all the system configurations studied
is not presently available, and therefore cannot be recommended.

Equations .1lave been . . loped that show the relationship of
transistor losses and vattery volume for any combination of
transistor(s) and battery. These equations can be used to specify
the minimum achievable system volume for a specific combination of

iransistor(s) and battery.

Generalized equations have been developed that show the relation-
ship between transistor efficiency, system power level, and system
power transfer duration. With these equations, the specific
transistor(s) required for an optimized system can be determined

for any combinations of transistors, system power levels, and system
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transfer durations. These equations will specify the minimum
syetem volume (and thus the minimum transistor volume) for a
specfic mission, consistent with overall system efficiency.

Specifically:

Battery volume (and thus system volume) are directly proportional
to transistor losses. The equations developed will enable the sel-

ection of transistors that will minimize increases in battery volume
due to transistor losses.

The operating frequency of the transistor selected for use in a
specific system must be compatible with the results obtained from
the transformer power loss analysis for the same system.

Total transistor switching losses are directly proportional to the
operating frequency of the converter oscillator.

On the basis of the studies thus far conducted, the Delco Radic

*2581 transistor appears to be suitable for use in an 8.2-kw con-
verter for the missile powe ;upply.

SYSTEM VOL ME

The system volume investigations to date have -~esulted in the following
conclusions and recommendations.

The total battery volume for individual batteries supplying each load
independently would be 1447 cubic inches.

The total volume of the battery supplying the 6. 3-volt, floating load

and one other battery supplying the remaining loads would be 939
cubic inches.
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The total energy required to satisfy all loads would be 128 watt-
hours.

In a battery snd converter-regulator combination, where minimum
battery velume is desired, the converter pow : transformer should
provide foui- the maximum |;ssible ste o-up of battery voltage.
Accordingly, battery voltage should i as low as possible, without
entering the region in which converter " -i - cy is drastically
reduced, and in which the converter voi. - <rastically increased
as the converier input voltage is decreased.

Of the systems investigated to date, the single battery and converter-

regulator combination holds the most promise for minimizing the
battery volume.
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APPENDIX A
BATTERY WEIGHT AND VOLUME CALCULATIONS

1. BATTERY VOLUME

Using data received from the Yardney Electric Corporation, plots were
developed {hat compared battery volume against nominal terminal voltage
for various fixed values of battery regulation in percent and battery energy
in watt-hours. These curves shown in Figure A-1, indicated that battery
volume is a function of battery terminal voltage, energy, and regulation.
Therefore, volume may be expressed as:

Vol = AV + BIR at 5% regulation

Vol = AV + B2R at 10% regulation
Vol = AV + BgR at 15% regulation
Where:
A = a constant with dimensiorhirs of in. 3/volt o

it

a constant with dimensions of in. 3/watt-hour

Figure A-1 indicates that the average value of A is 0. 28 cubic inch per volt

Therefore, the general equation for battery volume becomes:

Vol = 0.28 V + BR

The curves shown in Figure A-2 were plotted to find B for the three fixed
values of battery regulation, which are:
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0. 72 at S% regulation

0. 62 at 10% regulation

B, 0.53 at 15% regulation

The equations for battery volume at different values of regulation are:

Vol = 0.28 V + 0. 72 R at 5% regulation
Vol = 0.28 V+ 0.62 R at 10% regulation
Voi - 0.28 V + 0.53 R at 15% regulatioa

To generalize tne volume eguation, it was assumed that a linear relation-
ship exists between the values of B found for the different values of
regulation. On that basis, a general expression for B can be written

as follows:

B = X regulation+Y

From this equation, two simultaneous equations can be written for B at

different values of regulation, as foilows:

0.72 - X5+ Y at 5% regulation (1)

0.62 - X10 + Y ~* 10% regulation (2)

Subtracting equation (2) from equation (1) yields:

0.1 = -5X
X - -0.1
5
X -0. 02
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Substituting X into equation (1):

0.72 = (-0.02)(5)+Y
Y = 0.72+0.1
Y = 0.82

The general equation for battery volume is:

Vol = 0.28V + (-0.02 REG + 0.82) R

where: Vol = Volume of battery in cubic inches
.V = Nominal battery terminal voltage in volts
R = RBattery energy in watt-hours

REG= Battery voltage regulation in percent
2. BATTERY WEIGHT
The method used for deriving the equations for battery weight is the
same as that for volume. The curves in Figure A-3 and A-4 were

plotted from data received from the Yardney Electric Corporation.

The weight equaticns are:

Weight = AV + BIR at 5% regulation

Weight = AV + B2R at 10% regulation

Weight = AV + B3R at 15% regulation

where: A = A constant with dimensions of 1b/volt

A constant with dimensions of 1b/watt-hour

B
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Figures A-3 and A-4 indicate that A is 0. 006 pound per volt. Therefore,
the general equation for battery weight is:

Weight = 0. 006V + BR

The curves in Figure A-5 were plotted to find B for the three fixed
values of battery regulation, which are:

0. 042 at 5% regulation

1
B, = 0.035at 10% regulation
B, = 0.0295 at 15% regulation

The equations for battery weight at different values of regulation are: !

Weight = 0. 006V + 0, 042 R at 5% regulation
Weight = 0.006V + 0. 035 R at 10% regulation
Weight = 0. 006V + 0. 0295R at 15% regulation

n

where: weight
\'
R

Weight of battery in pounds

i

Nominal battery terminal voltage in volts

H

Battery energy in watt-hours.
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APPENDIX B

§ CONVERTER TRANSFORMER VOLUME ANALYSIS

1 GFNERAL

Cunsidering only the ha' 2~ and converier transformer in the system, the
3
Vo of these componeats is:
N + U
"~ Vg*Vrp
whe ¢ VT = Total v ame

-
+
]}

Battery v...ume

i = a : & :
TR Transform: olume

Previously uowever, v, was established as follows:

B

VB = AV + BR.

where = Battery terminal voltage

= Battery rating in watt-hours
.3

a3 . in
Constant \v..h dimensions of VoIt

w > <
H

= Constani (dependent on battery regulation) with

d.mensions of in
i watt-hour

The required bat. ¢y ratiu:g (R) is dependent on the load requirements and the
power loss of Uie transforme:.

1

= | L o
. ELIL * Prpt) 3500
R = Baitery 1ating, in watt-hours
' EL = Load voitage, in volts
. IL = .0ad curr.nt, in amperes
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t =

Load duration, in seconds

PTR = Power dissipated in the transformer, in watts
V. 7 AV+ B (B, T, t+P__t)+V
T 3600 L "L TR TR
Ve - AV + BEL ILt . BPTRt N VTR
3600 3600
PTR = PC + PW

g
oy
®
N
®
g
i

Power dissipated in the core, in watts

Power dissipated in the winding, in watts

"
' VTR 5 VC + VW
| where VC = Total core volume, in cu. in.
r ng= Total winding volume, in cu. in.
|
Vo s AV + BE, I} t | Bt(P.+Py) VetV
3600 3600 g
Vp [AV+BELILt + | Bt Pe 4 Vo +[BtPW Vv ]
3600 3600 ~3600 g
or
Vo = V +AV +AV,

determined if they exist.

The terms in the first bracket of the equation define the battery volume

| required to supply the load requirements, the terms in the second bracket
define the increase in system volume caused by adding a transformer
core, and those in the third bracket define the increase in system volume

- caused by adding a transformer winding. Each bracketed term of this

equation can be investigated separately, and minimum points can be
1 y
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2,

STUDY OF EFFECTS ON TOTAL SYSTEM VOLUME DUE TO ADDING
A TRANSFORMER CORE

AV, =B Pa + V. | (1)
T 3600

The core parameters PC and Vc must be expressed in terms of circuit
parameters. Since the total power dissipated in the core material (PC)

is dependent on the core vclume (VC), the core volume will be developed

first.

a. Derivation of VC as a Function of Circuit Parameters

Assume a toroidal core with dimensions as shown below:

Q.

h
Then:
Window Area = AW =r/4 D2
Core Area S C = dh
Ve, = 7/4 D% h
A%

-77-




7/4 (D + 2d)% h

wtVe

<
il

c = m/4(D+2d)%h - r/4 D?n

r/4 (D2 + 4 Dd + 4d2) h=n/4 D%h

2 2

7/4D%h + 7 Ddh + 1 d°h - 7/4 D°

il

h

[

7 dh (D + d)

Assuming a given form factor for the core for minimum transformer

weight (as specified in AD 433 159, Voltage Regulation and Conversion

in Unconventional Electricity Generator Systems),

As -1 pxV2 D=D?
2

AW=7r/4D2

A A. = r/aD?

chw

4
P VE Retw

v, o= 1D2D(D+—1—D)=D3V-2:—t——1—
c "y PVE P @ et [T

2
—-\/2-+1 4 3/4 3/4

VC = ‘\/—2_ T (—;r—) (AC Aw)

v _\/-2_+1 r 1/4 : 3/4

Vo s 7 2 V2 7t (Ac Ay)

Ve = (22 +2) ¢ 114 (ACAW)3/4

Ve = 6.35 (Ag Ay) 3/4 (2)

-18-

T I Y e o m e  am



Mﬂ- — ‘

}
Assuming a bifilar-wound transformer, ACAw can be expressed in terms of
the circuit requirements as follows:
8
NP a2 EP x 10
C 4185 |
4
NP = Total rumber of turns on the primary winding
' Ep = Voltage appiied to the primary, in volts
f = Operating frequzncy, in cycles per second
8 = Flux density in the core material, in lines per sq. in. l
S = Core stacking factor
If K, the winding factor, is defined as the ratio of the copper area, ACU'
s ' within the core window to the area of the core window, then:
kK - Acu ﬁ
# ‘ Acy * NpWaptNgWys
!

Ns = Total number of turns on the secondary
w AP~ Conductor area per primary turn, in 8q. in.

w AS © Conductor area per secondary turn, in 8q. in.




Assuming NP Wap * Ng wAS

A

cu - 2NpVW

AP
Further, if J, current density, is defined as follows:

J = Total primary current through Aw

Total ACU of primary winding in the window

Then:
5 . Npl21g
KCU
. Ngl
ACU' PP
Aw 1Ip
Np = 7K

Substituting into equation (2):

v. - 6:35x10° [Px10® 3/4
~3835 —

C




i 6 P 3/4
VC = 2.24x10 (m)
8 3/4
Ve - (45430 o

b. Derivation of PC as a Function of Circuit Parameters

Core loss data are presented on the data sheets in terms of U;—ttl
cm” cps

for ferrites or in terms of % for tape-wound cores.

Let CLl = core loss factor £ %att8

cm” cps
CL2 = core loss factor ::u%
Po = Cp x ——0 xv, xf x10°
6.1x10 g

watts=‘ﬁ;%:s x::n x‘-“!‘:v—tt&{xin.:’xcm

Po = 1.64x107°C  xVxf (4)
or

1b 3

PC = CL2x6 :-3 xVCin.

6 = density of the core in %
in.

3/4
+6 P
Pe = 2.24x10°8Cp, | ryggpy—]
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T
¢. System Volume Analysis
av, = BtPc 4+ v,
substituting for P from equation (4)
= -9
AV1 = Bt 4.55x10 £Cp, VC+VC
substituting for V. from equation (3) and transposing K, J, and P
in the equation:
3/4 3/4
3/4 . 8 8
(l(p.l) AV1=4.55x1098thL1 (2.94x10) +(2.9.4x10)
(5)
d. Derivation of Expression for Core Temperature Rise
The specific heat, CS' for most core materials is given in units of galorics .
gm°C

The density, 8, is given in units of 523

cm

In order to obtain the specific heat, CS', in terms of the desired units of

watt-hours

, the following conversion is performed.

in. " °C

cm3 watt-hours

' =
Cs Cs i in. ° X —Calories
. calories x gr%_ x cm® watt-hours _ watt-hours
[ g

gm°C - in. ° calories in.3°C
3

. = 16.4

in.
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watt-hours 3

W = 1,16 x 10

Cg' = 10.05x 1073 Cg 8 (6)

Assuming no energy loss through convection, conduction, or radiation:

Pat
Core temperature rise = A T = Pct '3'61'65 x -%7; x Cé" * “%-O-VCCS'

substituting for P from equation (4)

-5
1.64 x 10 CLlfV t

C
3600 Cg "

AT-=

AT

T -4+ ssx101c))) (1)
s

L1

3. STUDY OF EFFECTS ON TOTAL SYSTEM VOLUME DUE TO ADDING
A TRANSFORMER WINDING

av, = BtPy .y

2 300 Ve

Assume that the winding is of the form shown in the cross section below.

@V/{//A@)
7/

—n —f
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Volume of sections 1 and 2

Aw(h+D)

Volume of sections 3 and 4 = Awd
Vg * 2 [ ¢ D)+ Aya]
ng = 2 Aw(h+d+n)

From previous calculations:

Aw-'a/4D2
1
' h=V2 D
1
i= L p
V2

AcAy = /4 D%, orD= 4/ A &,
n

ng ZAW (h+d+D)

H]

#12D2(Vz2 D+ L D+D)

2

(Vz + 1 + 1) »/2 D3

Ve

3/4
(3.121) 7/2 (4AcAw)
n

. 2. 83 1/4 3/4
—(3.121)—5— T (ACAW)

i

2.83 x 1. 331

= (3.121) 3

3/4
(AcAy)
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T

rmesgma

- 3/4
\' = 5.9 (ACAW)

wg
(A Ay 34 . |Px10® | 3/4 148 P 3/4
CAW 4IB5KJ 2.835 feSKJ ,
3/4

. 6 P

ng = 2.08x10 (m—K—J- (7)
_ 2

PW =pJ Kng

For copper, the resistivity at a temperature of 20°C is 99 x 10.6 ohm-
inches. The temperature coefficient of resistance is 0. 00393. Resistivity
may be written as a function of temperature, T, as follows:

he]
H

99 x 107® [1 +. 00393 (T-20)]

6

he)
i

=(,39 T +01.2) 10

LetT = T1+AT

13

where: T 1 Initial starting temperature

AT

Y

Temperature rise in the winding

P = (39T, +.39AT+91.2)107°

1 P, t
AT T X W
S 3600 V. K
wg
where:

Co = specific heat of copper in watl=hours
5 in.” *C




The specific heat for copper is given as 0. 092 Eigl_r'(r’nr%%s

To convert to desired dimension:

-3 watt-hours

3
alories m 1 cm
C. = 0, 0g2 S2-orles x8.89§—3x—m . x1.163x10
cm * calories

B gm°C in.
CS = 15 55 x 10-3 watt-hours
in. ¥ OC
AT - Fw! = Pyt .. o170 Pw (8)
15.55 x 10°3 x 3600 VK 5BV K wg
.30 AT = .00696 Tw'
VK
wg
10 = (.39 T, +.00696 Put +91.2)10°8
wg

P, =(39T, +.00696 F'w' + 01.2)10% 22k Vv
L ! VK Ve

6 Pt 'KV . vo1.2x1078

: -6 2
Pw = .39x10 TIJ Kng+.00696x10 w wg
J KVw

wg

g g
PRV +01.2x10%2kvV
wg w

(1-.00696x%10%¢3%-.39x10" By .

Py

-6 -6
-39 x10 T1+91.2x10 ) J2wig (9)

Pw 52
1-.00696 x10 " tJ

Substituting the values of PW and Vw g back into the equation:

av,=B'Py 4+ v
3600 "€

ields:
. 3/4

Bt
AV, =
2 3800 |\ G06m6 x 10°C £ 32
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.30 x 1076 ) 13 .
L il ) sziz.ssxmap) oo x10°P)

8 3/4




(IBS,SM
D

= 3/4 3/4
av, ,(1.oaxlol°-rl+z.ssxm ,m.r’x(’ osno', ‘_(2.“:10‘

Leexic |
1-.00606 x 10°° ¢ 42 JK

Derivation of Equation for W1nd ng Temperature Rise

From equation (8)-

P, t
AT := . 0179 W
VK
wg

Substituting for Py from equation (9):

.39 x 10""'1'1 +91.2x 1078

2
0179 X ) — J°KV
K 1. 00696x 10 Jt ve

AT . 100696x106'r *1.63x10° 6y 12+
1-.00696 x 10°° J2 ¢

AT

Multiplying numerator and denomination by 109:

‘ 2
AT - (6.96T1+1630)J t

(11)
10” - 6.96 72 ¢
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APPENDIX C
TRANSISTOR VOLUME CALCULATIONS

1. DERIVATION OF SYSTEM VOLUME DUE TO TRANSISTOR LOSSES

Considering only the battery and converter transistors in the system, the
volume of these components is:

T B Q
where VT = Total volume, in in. 3
VB = Battery volume, in in. 3
VQ = Transistor volume, in in. 3
VB has been shown to be
VB = AV + BR
where: V = Batiery terminal voltage, in volts
R = Battery rating, in watt-hours
A = Constant, with dimensions of in. 8
volts
B = Constant (dependent ongbattery regulation)

1n.

with dimensions Ofmhours

The required battery rating (R) is dependent on the load requirements and
the power loss of tne transistors.
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1

R = (B xIp xt+Proayg) *t) 5550 B
where: .
E; = Load voltage, in volts.
IL = Load current, in amperes.
t = Actual load time, in seconds.
= Total average transistor power losses, in watts.
Prava) € P !

The total average transistor power losses are comprised of both switching

and conduction losses. The switching losses are functions of oscillator

frequency.
P, + )
Prave) © FPsw * Feon
where: PSW = PRT + PST + PFT
PRT = Rise time loss, in watts .
pST = Storage time loss, in watts
PFT = Fall time loss, if‘, watts

The conduction losses arise from leakage current and base drive currents,
and are not functions of oscillator frequency. Losses occur during both the
ON and OFF switched modes, and averaged by dividing by 2. o e

(P +

P " Yon

CON Porr’

OFF




e

where:

" s

oN ~ Vcesan st Vee RFE

Porr” 2 Vsico* Vepo EpoO’
and:
vs = Battery source voltage, in volts
'S = Battery source current, in amperes

10 the battery volume =tiwed 10 supply power to compensate for transistor
switching l osses.

LA - b4 Fe B
Vr AV 50 CBLIL ' Priave) VT VQ

_ . Bt bt
*AVErass Bt wgs Prave) ' VQ
—— -~ ~—
A Vl A V2

where:

a Vl = Component of system voli.me due to load power delivered

a Vz = Component of system volume due to transistor losses.
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2. DERIVATION OF TRANSSTOR SWITCHING LOSSES

The general case of a transducer switching from point "x" to point "y"
is shown in Figure C-1.

@)

3)




i

-

where T is the period over which the power is averaged.

Substituting equations (1) and (2) in equation (3),

j (oo (=) ()]
[l () o]}
p.l[ Lty -V, (_:_lk t ,,‘( 1,2

T 2tl
(Vz'vx)ﬂl'l‘) t13]

2

Substitutirg { = 11_ for a transistor oscillator and simplifying yields:

M
P=f .

st'+v l)+-(Vl‘+v l,)] (4)

vy ¥
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HONEYWETLL

I N C.

april 4, 1966

Magnetic Metsls Compony
Heyes Avenue at 21st Street
Canden 1, Now Jersey

Attention: PHMr. R. T. Narrisom
Deav Sir:

Honeywell 1s presentl;y funded te develep & dc/dc comverter with extremely
high power dcrisities. Ve are sttempting te handle 10 kilowstts of power !
with a 5 pound weight limit., Our fuitial desigm calculations {ndicate that |
the converter transformer must be opereted at a fraguency im excess of 25 Kiis
te approach tne siza and weight requirements. Vrea a semiconductor stand-
point the most efficient AC wave shape to use is & squere wsve woltage.
Bacausa the transformer sisze and waight s the pacing {tem for this converter,
it 4s pecessary to select the very best materfal e« configuratien for use

i{n this system., It s enticipated that the power icsses of this tremsformer
may ba as high as one kilowatt.

In order to achieve the highest power demsity im a tramsfermer withim the
limitation of the lesses which are permissible, it weuld sppear that the
maximm flux density end the cere less per cy.le at the exciting wave shape
and frequency are the two most important cemsiderstiens. We would li{ke te
get core nmaterial paracetars and charscteristics te detemmine an optimm
design. Thase characteristics will imclodes

i, . 1. Maximum flux density

2. Core loss for varicus square wave frequencies and flux demsities.

3. The spacific gravicy

4, The specific heat

S, The variation of parameters (1) and (2) through a temperature range
from <65 to 4230 7,

% Ve realize that core loss charscteristics are usually reasured for sine vave
excitation. I1f dsta for sgiare wave excitatism s mot available, could you
indicate sny predicted performance or scaling facters te use with aine wave
characteristics?

Please contect Mr. Richard L. Carlson, Project Engineer, (935-5153, Ext. 8263)
1f sdditional informatiem concermisg these requirements would be helpful,

Sincerely yours,

R. L. Carlson,
KCivs Project Engineer
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HONEYWELL

t N C.

April 8, 1966

Motorola Semiconductor Products, Inc.
7515 Wayzata Boulevard

Suite 204

Minneapolis, Minnesota 55426

Attn: Glen Johnson

Subject: Transistors for 10 KW Converter

Dear Mr. Johnson:

We currently have a funded study contract to make design
recommendations for a battery operated, high power density, DC/DC
converter for use in a missile system. The principle design
constraints in this study are the weight and volume of the unit.
Consequently, the efficiency and associated temperature rise
within the unit become major design considerations.

The required power output of the converter is 8.2 KW at several
DC levels and the estimated power input is 10 KW (82% efficiency).
4 The transistor losses were estimated at 800 watts.

The transistors will be operated in the switching mode of
operation with significant overdrive to hold the transistor well
into saturation during the "on" period and the base drive will
be shaped to enhance switching. In order to meet the weight and
volume requirements, the switching frequency must be greater
than 25 KHz. The transistor mounting base temperature will not
exceed 100°C.

e . e

In this application, the desirabie transistor characteristics are:

¢ - Low Veg(sAT)
- High Gain
- Fast Switching
- High Current Rating

- Ratio of VCE(MAX) IC(MAX) 12.5
Losses

losses = saturation loss + switching loss g 25 KHz +
g base drive loss + cutoff loss.

MILITARY PRODUCTS GRCUP

ORONANCE DIVISION + 600 2NDO STREET NORTH, HOPKINS, MINNESOTA 55348 + G12/WEST 5-3188
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Motorola Semiconductor -2 - April 8, 1966

A recommended battery voltage will be determined as a result of
this study and will be based primarily on the VCE(MAX) rating of
the transistor and the type of converter circuitry used. However,
the battery manufacturer prefers that the battery voltage be in
the range of 25 to 100 volts.

If you have a transistor which you would recommend, please provide
the specificutions describing the device. If available, we would
also appreciate information concerning the optimum base drive
voltage and/or current wave forms to minimize the transistor losses.

If the transistor is under development, indicate probable parameters
and the estimated availability date.

We will need anticipated performance data by May 15, 1966 and
feasibility units by January 1967 in order to consider any new
device.

Please address your written replies to my attention by May 6, 1966
for use in this study. If additional technical information is
required, please contact Mr. Richard Carlson, Project Engineer,

at (612) 935-5155, ext. 8265.

Sincerely,

HONEYWELL INCORPORATED

J.W. Brumiaugh, Engineer
Applications & Specifications
Mail Station 832
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